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SUMMARY
The development and calibration of both a plane—headed (hemi-spherical 
view), and a spherical-type heat flux meter has been undertaken in this 
work. These instruments have been shown to be capable of producing a 
signal which is directly proportional to the incident radiant heat 
flux.
Both radiant heat flux meters developed in this work, make use of a 
radial disc, conductivity type sensing element, where the incident 
radiant energy is distributed radially via the disc to a cooled metal 
block. The metal block heat sink is located at the end of a 
water-cooled arm to enable insertion into high temperature 
environments.
Transient response analysis of the plane-headed heat flux meter yields 
a time constant of 10.6 seconds. A perturbation analysis of the 
spherical heat flux meter concluded that the response time is a 
function of the radiation heat transfer coefficient existing between 
the probe and its environment.
A finite difference analysis has been carried out on the radial disc 
assembly in order to investigate the temperature distribution under 
steady state conditions. It has been concluded that the mode of 
attachment of the radial disc assembly onto the cooling water probe, 
can have a modifying effect on the magnitude of the heat meter signal. 
However, this effect does not introduce non-linearity into the steady 
state signal response.
For the finite difference analysis, an empirical correlation has been 
derived describing the convective heat transfer at a plane surface with 
the flow of cooling water perpendicular to the surface. The 
correlation applies for annular flow, and is given as:
Nu = 1.045 ReO** PrV3
Testing of the spherical heat flow meter has been carried out in a 
440kW gas-fired furnace.It has been concluded from these trials that:
(i) a peak signal output is obtained for an equivalence ratio, 4> of
between 1.15 and 1.32, in the range of firing rates 118RW to
142kW, where 4> is defined as.
[Air/Fuel] aotual
<J> =  •------- -------- — --- --
tAir/Fuel3 stoichiometric
(ii) the ceramic shield, which forms an integral part of the heat 
meter, did not develop cracks or physical defects during the 
trials,
(iii)the peak signal from the heat meter closely follows the peak heat 
gain by the furnace cooling water load rather than the optimum 
combustion conditions, as indicated by the flue gas composition.
A steady state mathematical model of the gas-fired furnace is presented 
here, and is compared with the results obtained from the furnace runs. 
This is the first stage in the development of an unsteady state furnace 
model for use as an aid in the testing of furnace control systems.
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1. INTRODUCTION
For the past hundred years the world’s stocks of oil, coal, and natural 
gas, which have taken hundreds of millions of years to form, have been 
consumed without restraint and at a rate which is severely depleting 
them. During this time, an industrial civilisation has been created 
which is entirely dependent on a high consumption of energy for 
survival. The oil crises of 1973/74 sounded the first real public 
warning of a problem that can only become worse unless avoiding action 
is taken well in advance.
The magnitude of wastage in the present use of fuel is so great that it 
is no exaggeration to say that we use twice as much fuel as we need. In 
order to make more efficient use of these fossil fuels, the large 
energy intensive industries have, amongst other things had to look at 
ways of improving specific fuel consumption. This has involved a great 
deal of research and development over the last few decades, some of 
this being devoted to the control of the combustion process.
1.1 The control of Combustion Processes
Combustion can be regarded as a process of energy conversion and hence 
the success of the process depends on the control of the conversion 
process which can be obtained (Thring 1962). In a furnace there are 
three essential forms of control, namely:
(1) the control of the quantity of energy released in the whole 
system;
(2) the control of the quality of combustion;
(3) control of the course of combustion, that is, control of the flame 
length or heat release.
The first of these is the simplest and most obvious form of control, 
corresponding to the rate at which the fuel is supplied to the furnace. 
This aspect of control always depends to some extent on the second of 
these forms of control, since it is always necessary to control the 
amount of energy released by varying both the air supplied and the fuel 
consumed.
The object of controlling the quality of combustion is primarily to 
ensure that the furnace performs its task with the minimum of fuel * The 
mechanism for controlling the combustion quality is usually provided by 
variation of the air/fuel ratio. The observed variable which indicates 
how well the quality of combustion is being controlled, is usually the 
composition of the gases leaving the furnace. Preferably these ’flue* 
gases should contain a minimum of both unburnt combustible and excess 
oxygen, and hence a maximum of carbon dioxide.
Control of the course of combustion can be just as an important factor 
as the two previous types. For optimum fuel economy it is nearly 
always desireable to have the flame as short as possible in order that 
the temperature difference between the gases and the charge is as great 
as possible at all points. Conversely, a short flame and therefore 
intense combustion, is frequently undesireable both because of the very 
severe effect on the refractory walls (especially near the burner), and 
because the charge may require to be heated in a furnace having a large 
volume, at a fairly uniform temperature. In many existing combustion 
systems, however, the length of the flame is not fixed either by the 
requirements of optimum fuel enonomy or by those of uniformity, but is 
outside the control of the operator. For example, in the case of 
pulverised fuel it is often difficult to obtain the complete burnout of
all particles without the use of large combustion chambers. Some 
control over the flame length is very important and is seen as a 
necessary step towards the greater utilisation of available heat.
The mechanism by which flame length can be controlled, is generally the 
rate at which the fuel and air are mixed since most industrial flames 
are of the turbulent diffusion type, where the fuel and usually all but 
a fraction of the air enter the combustion chamber seperately. In the 
case of the control of flame length the observed variable should 
ideally be the distribution of temperature or radiation along the flame 
gases. The use of some sort of turbulating mechanism was envisaged by 
Thring (1962), which is operated by the difference in temperature of 
two sensitive bodies or two heat-absorbing elements! at different points 
along the flame. A system such as this, it is seen, could be used to 
give a uniform heat flux at these different point, or to give the 
compromise between the two which would result in the optimum thermal 
efficiency without excessive wear on the refractories.
1.2 Current Trends in cxwibugtion control
In the past, control and operation of combustion plant tended to remain 
a matter for the operators experienced judgement. Since the innovation 
of semiconductor technology resulting in the computer, and more 
recently the relatively inexpensive microprocessor, a whole new market 
has opened up in which there are a mushrooming number of controllers 
for use on combustion systems. This has led to the need for 
!instrumentation which can monitor various combustion quality criteria on 
a continuous basis. Probably the most popular combustion control 
systems at present are those using the composition of furnace exhaust 
gases to assess furnace efficiency. In particular, the introduction of
'in duct• oxygen analysers (zirconia wafer type), and cross duct 
(infra-red type) carbon monoxide analysers, has encouraged many small 
(and large) operators to use a flue gas combustion control system.
1.3 Pie Scope of this Research
Flame control, or the tailoring of a flame to suit a particular process 
(Moles 1986), is the first requisite for efficient combustion. Over 
the last fifteen years the Fuels and Energy Research Group at the 
University of Surrey have been involved in the application of such 
techniques to rotary cement and lime kilns, incinerators, flares and 
melting furnaces. Against this background, a programme of work was 
initiated to develop a heat flow meter which is capable of monitoring 
the radiant heat release from flames and their associated chambers. The 
ultimate aim of this programme of research is to produce a control 
system based on the radiant heat flux within a combustion chamber.
The aim of the research in this work is to develop a practical heat 
flux monitoring instrument that can be adapted to suit the needs of a 
range of different combustion systems. Initially, this is to be tested 
on a 440kW natural gas fired furnace incorporating a single 
self-recuperative burner. A steady state mathematical model of the 
furnace test bed is also developed for comparison with the experimental 
results. It is hoped that, at a later date, this will be modified to 
include the unsteady state in order to investigate various techniques 
of furnace control.
2. LITERATURE REVIEW OF PREVIOUS WORK
ON HEAT FLUX DEVICES
Heat flux (or flow) meters tend to fall into three classes: 
thermometric, calorimetric, and conductivity types.Thermometric type 
heat flux meters work on the principle that a body exposed to a heat 
source will acquire some equilibrium temperature, which is proportional 
to the radiant (and/or convective) field in which it is immersed. 
Calorimetric heat meters utilize the energy absorbed by some cooling 
medium which is passed over a control surface that is exposed to an 
energy field, conductivity heat flux meters use the known thermal 
resistance of a metallic rod (or other shape), of which one aspect is 
exposed to a heat source and another cooled. In this way a thermal 
gradient is set up across the resistance piece which is proportional to 
the incident heat flux.
For the purposes of this survey, heat flow meters are divided into two 
types; those that measure heat flow on a discontinuous basis, and those 
that are capable of producing a continuous output of the heat flux 
being measured.
2.1 Discontinuous Heat Flux Measurement
In 1932 H&se (1932) developed an instrument which consisted of a copper 
sphere, 8 cms in diameter in which a thermocouple was located at the 
centre. By means of a moveable arm, this sphere could be placed in 
various positions within the furnace environments that Hase used to 
test his instrument. The procedure used to calculate the incident heat 
flux was to measure the time taken for the temperature at the centre of 
the sphere to rise from 300°C to 400°C.
Hcise found experimentally that the total heat required to raise the 
temperature of the sphere over this range was virtually | independent
of the rate of heat input to the sphere. The heat transfer, Q, is
therefore given by a formula of the type,
Q = -81/0C^  kg.cal/hr (2.1)
t
where t is the time taken for the temperature of the centre of the
sphere to rise from 300°C to 400°C.
Stoffregen (1932-33) subsequently used Hclse's heat flow meter to 
investigate the variation of heat transfer across the width of an 
industrial furnace.
Kazantsev (1939) developed a heat meter which he termed a "disc thermal 
probe". This consisted of a cylinder of heat-resisting steel open at 
one end, within which is a core of electrolytic copper, the exposed 
surface of which is serrated and coated with uranium oxide to produce a 
thermally black surface. Various sizes of this core were used 
depending on the furnace temperatures encountered; a core for use at 
1600°C was 40 mm high, and at 1300°C only 20 mm high. Between the core 
and the steel cylinder, and separated by small air spaces, is a copper 
guard-ring to prevent heat leakage. The inter-radiation between the 
core, the ring, and the cylinder is minimized by nickel-plating all the 
necessary surfaces. In use, the procedure was to measure the time 
taken for the temperature of the copper-Constantan thermocouple at the 
base of the block to rise from ioo °c  to 200C.
Kazantsev (1939) used this instrument to study the effect which the 
method and rate of charging of an open-hearth furnace, has on the 
melting time. He also measured the effects these factors have on the 
intensity of the boil and the rate of heating-up the molten steel. He 
suggested that the output of an open-hearth furnace could be increased 
by removing the resistance to flow in the flues, by flame control, and 
by insulation.
Wall (1971) used two types of heat flow probe to study the heat 
transfer distribution in tangentially fired, pulverised coal boilers. 
The first was designed and constructed by the State Electricity 
Commission of Victoria, Australia. The probe consisted of a flat 
receiving surface with a row of five thermocouples located 2.4 mm 
underneath the surface. The temperature gradient across the probe 
surface was taken as a function of the incident heat flux. The probe 
was quenched in a bucket of water between readings. Reproducibility of 
the instrument was poor and it was only used for relative measurement 
of heat flux.
The second heat flow meter developed by Wall (1971) was made up of a 
plug of stainless steel surrounded by a concentric radiation shield.
The temperature gradient along the central element was taken as a 
function of the incident energy on the plane receiving surface. Again, 
the accuracy and reproducibility were poor.
A discontinuous heat flow meter described by Chedaille (1972) was used 
by the IFRF. The "Onera" heat flow meter consisted of a thin metal 
pellet with a centrally mounted thermocouple. The pellet was isolated 
from the electrically heated meter body by an air-filled cavity, which 
housed a thermocouple. The regulated heating, and thus the temperature
of the instrument body and the corresponding change in the thermocouple 
readings were compared with the change rate of the thermocouple
readings, when the meter was exposed to a radiant heat source. The
\
instrument was used for laboratory measurement and was found not to be 
suitable for furnace applications.
The use of discontinuous type heat flow meters, such as those developed 
by H&se (1932) and Kazantsev (1939) have found few applications in 
industrial furnaces. These intermittent type devices have found more 
use in the field of rocket propulsion systems and plasma jet studies.
A number of workers (Fruchtma'n 1963, Rinehart and Kratz 1970, Van 
Heiningen et al 1985) have developed a range of high sensitivity, fast 
response type heat flux sensors for use in the propulsion industry.
Most developments in the field of heat flux measurement have been 
carried out using instruments capable of producing a continuous output.
2.2 Continuous Heat Flux Monitoring Devices
Probably the first attempt to devise an industrial heat flow meter was 
made in 1927 by the Russian scientist Kirpitchev. Baulk and Thring 
(1944) described Kirpitchev’s work as published in a later Russian 
paper. The meter apparently consisted of a cylindrical thermal probe 
used in boiler furnaces to take account of the hemispherical heat 
flows, regardless of the direction of incidence.
In 1935 Croft and schmarje (1935) developed a steady state heat flow 
meter, which consisted essentially of a cylindrical calorimeter 40 mm 
in diameter, mounted on the end of a water-cooled arm (Figure 2.1(a)). 
The cooling-water temperature rise over the calorimeter section was 
measured by two copper-Constantan thermocouples. The calorimeter was
surrounded by two water-cooled chambers separated by an air space to 
ensure no extraneous heat was picked up by the calorimeter. The meter 
was calibrated by comparison with a true black body absorber. Croft 
and Schmarje (1935) were able to show with this instrument that the 
Hudson-Orrok (Orrok 1926) formula was applicable for furnaces in which 
a considerable proportion of the water-cooled surfaces were 
slag-covered, while Wohlenberg's (1925) theoretical treatment was 
correct for clean surfaces. A year later, Croft and Schmarje (1936) 
described a method for separating the heat transfer by radiation from 
that due to convection by surrounding the calorimeter with a screen of 
high velocity air (Figure 2.1(b)). By using this later modification 
Croft and Schmarje were able to amend and re-assess their work which 
was based on the measurements obtained from their first heat flowmeter. 
The instrument was capable of measuring a maximum heat flux of about 
180 kW/m2.
Figure 2.1 (a) Croft & Schmarje Calorimeter, (b) With Air Screen.
Baulk and Thring (1946), described two heat flow meters developed by 
Styrikowitsch in 1936, for use in boiler furnaces. The first consisted 
of a water-cooled calorimeter, supported by a water-cooled arm, from
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which it was insulated. Thermocouples, used to measure the temperature 
rise over the calorimeter section, were placed in the water streams.
The first instrument possessed an inherently long time lag and was only 
used to calibrate the second instrument. The construction of this was 
similar to that due to Hottel and Meyer (1936), except that it was 
mounted on a water-cooled arm. The second instrument was used to 
investigate the distribution of radiation in boiler furnaces. 
Styrikowitsch found that flames produced from high molecular weight oil 
components gave a sharper radiation intensity gradient than flames from 
natural gas; the latter giving a very even intensity distribution
Clatworthy (1960) described a water-cooled conductivity type of 
heat-flow meter. This was essentially the same design as that 
described by Fowler (1952), but with a few dimensional modifications. 
The instrument consisted of a conductivity rod with two (type K) 
thermocouples spaced 30 mm apart, embedded in it (Figure 2.2). A layer 
of asbestos was used to prevent contact with the water cooled sheath. A 
flowrate of cooling water greater than 800 cc/min was claimed to 
produce a linear relationship between the thermocouple (differential) 
signal and incident heat flux, independent of water flow. The average 
time response for the instrument to attain steady state was claimed to 
be 150 seconds for heat flux rates up to 250 kW/m2. The instrument was 
calibrated in the range of black body temperatures, 750°C to 1250°C, 
using a spherical electric furnace as a black body radiator. Clatworthy 
used the meter in the combustion chamber of a pulverised fuel-fired 
boiler. It was found that over a ten minute test period ,the effect of 
"dust deposition" introduced a maximum error of 5%. An air screen 
across the sensor head surface was used in order to prevent the 
build-up of deposits, and to nullify the effects of convection.
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Figure 2.2 Conductivity Type Heat Flow Meter (after Clatworthy 1960)
A radial conductivity meter was developed by Gardon (1953). This was 
capable of measuring thermal radiation in the range 0.042 to 4.2 MW/m2. 
The instrument consisted of a blackened, thin circular foil of 
Constantan which was soldered around its circumference to a ’massive? 
block of copper. The radiant energy incident on the foil flows 
radially to the copper block, which acts as a constant temperature heat 
sink. As a result of this radial heat flow, the temperature of the 
centre of the foil rises above that of its circumference. Measurement 
of the temperature difference between foil centre and periphery, is 
obtained by connecting a fine copper wire to the foil centre, thus 
forming a differential thermocouple between the copper wire, the 
constantan foil and the copper block. The steady state heat flux 
incident on the surface was given by Gardon as:
q =
4 . k . S  o
R2
1 + - A (2.2)
where R and S are the foil radius and thickness respectively, ko the 
thermal conductivity of the foil material at the base temperature , a 
the fractional variation of thermal conductivity per unit rise in
temperature, and A the steady state temperature difference between the 
foil centre and the periphery. Gardon reported a theoretical time 
constant of 0.106 seconds for an S/R2 ratio of 5.44 x 104 cm-i. He 
reported no change in the calibration after several months' use of the 
flux meter.
Northover (1966) utilised Gardon's (1953) design in a heat flow meter 
for use on boiler tubes. Northover found that the choice of materials 
of construction was very important due to the high temperature of 
operation and the corrosive atmospheres encountered. The final design 
chosen was installed in a power station boiler, and at the time, 
reported successful operation upwards of 2000 hours.
Heat flow meters similar to that described by Northover (1966), have 
been used for incident heat flux monitoring on boiler tubes for many 
years. Various designs have been developed in England (Cantle 1953, 
1954, 1956, Northover 1966, Neat et al 1980b), in Australia (Llewelyn 
1969), and elsewhere (Tashiro et al 1982); resulting in the application 
of various meters to aid the investigation of heat flows, flux 
intensity distributions and flux effects on corrosion. These 
instruments included flux tubes, dummies and heat flow discs. Neal et 
al (1980b), developed a series of conductivity type heat flow meters 
for use in power station boilers. The first of these, called the 
'Fluxtube', was constructed from a short length of boiler tube 
containing a locally thickened wall section incorporating a measuring 
cylinder (Figure 2.3(a)). The measuring element was fitted with two 
pairs of thermocouples, located in holes of known axial spacing to 
allow a cross check to be made of the temperature differential across 
the element. An accuracy of ±5% was stated for the indicated heat flux. 
The second meter, termed the 'Dometer', was again a boiler tube
instrument, but differed from the 'Fluxtube' in that the meter was stud
welded to an ordinary boiler tube (Figure 2.3(b)). The thermocouple 
assembly was essentially the same as that for the 'Fluxtube'. Both meter
types were used in a coal-fired and an oil-fired power station boiler, 
and were reported to have operated satisfactorily for over 8000 hours 
with few failures.
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Figure 2.3 Boiler Tube Heat Flux Meters (after Neal et al 1980b)
(a) 'Fluxtube', (b) 'Dometer'
Tashiro et al (1982) described a heat flux meter for boiler tubes, 
fabricated from a thin, grooved steel plate of known thermal 
conductivity. Sheathed thermocouples (type K) were placed in the 
grooves before being welded over with the same material as the base 
plate. The shape of the meter was variable according to where it was 
situated. A 10 kW electric furnace was used to optimise the width to 
thickness ratio of the heat meters and to establish the best method of 
adhesion to the boiler tubes. Tashiro et al, used a 350 MW drum-type 
natural circulation boiler for field trials. He reported a good 
agreement between the heat flux measured by a series of meters and that
calculated from temperature measurements in the tube walls. Additional 
trials carried out in a super-critical pressure boiler over a period of 
four months were used to establish the durability of the meter.
Baulk (1950a, b) and Thring (1962) described a heat flow meter they 
developed in around 1946 (Baulk and Thring 1946) (Figure 2.4). This 
consisted of a small calorimeter mounted on the side of the end of a 
water-cooled supporting arm, in such a manner that it received heat 
from the one direction which faced the calorimeter receiving surface 
only. The incident energy was absorbed by the cooling water and the 
flux was derived from the cooling water temperature rise, flow rate of 
cooling water and the calorimeter head surface area. This was used by 
Baulk and Thring to investigate the heat distribution in a steel 
melting furnace and a glass holding tank.
Figure 2.4 Calorimetric Heat Flow Meter (after Baulk & Thring 1946)
Investigations into the rate of transfer of heat from the flame to the 
charge were carried out on both furnaces. It was concluded by the 
authors that the heat-absorbing area of the surface of the charge is 
not fully utilized either in the steel furnace or in the glass tank.
The heat flow meter was used to monitor thermal fluxes of over 950
kW/m2.
Baulk (1950a) described various techniques which were available for 
measurement and study of heat transfer in furnaces. The best technique 
was the use of a twin calorimeter Which was developed by Thring (1951). 
The original idea to develop the twin calorimeter was brought to the 
attention of Thring by Professor Sarjant in around 1941, and was based 
on the possibility of separating the heat flow to the charge from that 
leaving the charge, in furnaces such as the open hearth and the glass 
tank. The twin calorimeter heat flow meter consisted of two separate 
water-cooled calorimeters mounted on the end of a water-cooled arm, 
such that one calorimeter could receive heat flow from a solid angle of 
2rr steradians in one direction, while the other calorimeter received 
heat from the opposite solid angle of 180°. Thus, when the instrument 
was inserted into an open hearth furnace close to the slag surface, the 
calorimeter facing upwards would measure the heat flowing in the 
downward direction through a plane at the position of the calorimeter. 
The heat flow would be due to the radiation from the refractory crown, 
radiation from the flame and convection from the flame, and could be 
expressed as:
D.H.F. = a ef(Tf4 - Tc4 ) + cr( 1 - ef)(TR4 - T,4) + hc<T - T J
(2.3)
where D.H.F. = downward heat flow per unit axea,
a = Stefan-Boltzmann radiation constant, 
ef = emissivity of the flame,
Tr , Tf, tc = temperatures of roof, flame and calorimeter surfaces 
respectively,
hc = coefficient of convective heat transfer,
T = temperature of the furnace gases at the calorimeter 
surface.
The calorimeter facing downwards would read the heat flow in the upward 
direction due to the re-radiation and reflection from the slag surface, 
and represented the heat flowing in the same plane as before, but in an 
opposite direction:
U.H.F. = <T 6. (T 4 - T 4) (2.4)f s c '
where U.H.F. = upwards heat flow per unit area,
Tg = temperature of the slag.
The difference between the two readings was a measure of the net heat 
transfer into the bath.
From the British Iron and Steel Research Association (BSIRA), Fowler 
(1950, 1952), describes the performance of a heat flow meter which he 
constructed in about 1950 based on Mayorca's heat flow meter (Thring 
1951). He showed that when the instrument was used at radiation levels 
corresponding to black-body radiation between 1000°C and 1300°C, it 
became necessary either to measure very much smaller temperature rises 
of cooling water in the calorimeter, or to use correction factors.
These were necessary because of conduction effects from the cooling 
water to the surrounding water. Calibration in a gas-fired steel 
melting furnace was not sufficiently reliable owing to the presence of 
flame effects and he i found it preferable to use an electric muffle 
furnace, where the average radiating temperature could be more 
precisely measured. The instrument consisted of a circular calorimeter
mounted and supported by a water-cooled arm. The calorimeter was 
designed with a brass end cap with circular corrugations.
A calorimeter type heat flow meter capable of measuring flux densities 
in excess of 18.9 MW/m2, was described by Glaser (1953). The 
instrument consisted of a blackbody receiver provided with a conical 
aperture and contained in a cylindrical housing. The cooling water was 
circulated through coils around an inner cylinder which acted as a 
radiation shield, then absorbing the incident heat flux entering the 
spherical receiver. Thermocouples were installed in the inlet and 
outlet of the cooling water to measure the temperature rise, cooling 
water was used also to keep stray radiation from heating the shield and 
to reduce radiant heat transfer between the measuring section of the 
calorimeter and the ambient. The instrument operation was governed by 
the heat balance at the steady state condition:
act) = AT m C + <t>_ (2.5)
p L
where <]> = heat flux
a = absorptivity of the receiver 
Cp = specific heat of water 
AT = cooling water temperature rise 
m = flowrate of cooling water 
4>l = heat losses
Glaser reported an instrument response time of 10 seconds and that it 
was capable of measuring heat flux densities of up to 16.6 MW/m2 with 
an estimated error of ±5 percent. The instrument was used to calibrate 
an imaging furnace under various operating conditions.
Thorneycroft (1959) described a calorimetric type of heat flow meter 
for use in tube stills. The meter measured the temperature difference 
between two co-axial cylindrical surfaces, the inner one being water 
cooled, and separated from the outer heat receiving surface by a 
packing of high thermal resistance. Six coils of thermojunctions, 
connected in series, gave an integrated value of heat flow, measured 
over one complete half of the instrument. Thorneycroft used this meter 
to investigate the heat flux distribution in a petroleum heater, 
recording heat fluxes up to 47 kW/m2.
Sellers (1962) and Vrolyk (1962) described two types of conductivity 
type heat flux transducer, for research on rocket engine housings. 
Sellers produced an instrument consisting of a rod of pure copper with 
two constantan wires located at different distances from the receiving 
surface. The back of the copper rod, which was water cooled, was 
attached to a copper wire, thus producing two possible thermocouple 
junctions. The device was used to measure heat fluxes in excess of 29 
MW/m2. Vrolyk used the same design principles as Sellers but modified 
the conductivity piece by inserting very thin foils of Constantan at 
two cross sections (Figure 2.5). Constantan connecting wires were 
carefully attached to the two foils, and copper wires to each of the 
three copper sections. With these five leads, four thremocouples were 
formed at each of the four Constantan-copper interfaces. Vrolyk 
reported a time constant for the transducer of 0.2 seconds and steady 
state analysis of flux densities up to 7.5 MW/m2.
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Figure 2.5 Conductivity Type Heat Flux Meter (after Vrolyk 1962)
For the U.S. Office of Naval Research, Fingerson (1962) developed a 
heat flux probe for the dynamic measurement of heat flux intensity of 
the order of 12.5 MW/m2 within an environment at 3000°C, and 
atmospheric pressure. The instrument was similar in operation to the 
hot wire anemometer with constant temperature compensation (Figure
2.6). The wire was replaced by a small glass tube with a platinum film
on the external surface. The tube inner and outer diameters were 0.1 
mm and 0.15 mm respectively, with an external 1000 A platinum coating.
Water was forced through the tube as a heat sink. A compensating
circuit was designed to maintain the probe resistance, and hence the 
surface temperature at a constant value. The operation of the system 
was based on the following heat balances
I R = h A (T - T ) + A U (T - T ) p p  o o  c oo o c w
(2 .6 )
where Ip is the probe current, Rp, Aq 311(3 Tc are the resistance, area 
and surface temperatures of the probe; T^, Tw , the mean temperatures of 
the environment and coolant; ho and U are heat transfer coefficients 
between environment and probe surface, and from the probe surface to 
the cooling water respectively. When the water temperature and flow 
rate are held constant, the term, Aq U (Tc - T^) in the heat balance 
equation, is constant. Hence, changes in input power from the 
compensating circuit represent changes in heat transfer between the 
sensor and its surrounding environment, from which the local 
temperature can be evaluated using the term ho Aq  (Tc - T®) ( the sample 
fluid is drawn over the sensor which is mounted in front of a sonic 
orifice). The instrument was reported to have a time response of the
order of 250 / j s ,  but its industrial performance was not disclosed. The 
operation of this instrument, unlike all other devices previously 
discussed, is for the measurement of rapid fluctuations in fluid 
properties over a wide range of temperatures. However, it is thought
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Figure 2.6 Heat Flux Probe (after Fingerson 1962)
that the instrument could be used in highly radiative environments for 
the monitoring of radiant heat fluxes. This would only require minor 
modifications
Shell Research N.V. of Amsterdam developed a heat flow meter as 
described by Ballintijn (1968) and again by Hoogendoorn (1970). The 
device consisted of a closed cylindrical tube which contained a 
measuring element. The element was a blackened copper disc which was 
exposed to the furnace environment. Attached to this was a mild steel 
cylinder whose other end was welded to a water-cooled copper disc. On 
exposure to the furnace environment a difference in temperature is set 
up between the two copper parts, the mild steel cylinder serving as a 
thermal resistance. The temperature difference, which is proportional 
to the incident heat flux, is measured by a Constantan-iron-constant an 
differential thermocouple, obtained by soldering a constantan wire in 
each of the copper parts. The sensing element was surrounded by a slit 
for issuing an air stream for whenever the radiation and convection 
were to be calculated individually.
In order to quantify the radiant and convective fluxes separately, a 
measurement was taken first with and then without the air screen. 
Without the air screen the meter measures the total heat flux (qtot):
*tot"'*rad + 4conv <2-7 >
When the screen air is applied, a heat flux is measured (qmeas)«■ which 
after reduction by a correction term yields the radiant heat flux:
The correction is required because even with the air screen, a certain 
convective heat flux is present.Ballintijn and Hoogendoorn both used 
the Shell meter for furnace trials, measuring heat fluxes in excess of 
175 kW/m2.
At the International Flame Research Foundation (IFRF) at iJmuiden 
(Holland), two types of heat flow meters were used successfully, namely 
the ellipsoidal total radiation type and the conductivity type 
(Chedaille 1972). The hollow ellipsoidal total radiation heat flow 
meter consisted of an ellipsoidal chamber, into which all the incident 
radiation could enter via a small circular orifice (Figure 2.7). The 
highly reflective chamber walls were designed such that a thermopile
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Figure 2.7 The Ellipsoidal Radiometer (Chedaille 1972)
within the chamber could receive all radiation regardless of the angle 
of incidence. The sensing element consisted of a hemispherical 
receiving pellet, a cylinder and a cooled metal mass. The three parts 
were integral in a stainless steel block in order to obtain a regular 
flow of heat. Nitrogen was injected at a constant flow rate to protect
the mirror from the ingress of furnace gases and particles.
The response time of the ’ellipsoidal radiometer' was reported to be of 
the.order of one minute (Chedaille 1972).
The other heat flow meter which the IFRF adopted was the conductivity 
plug type used for total heat flow measurement (Chedaille 1972). This 
consisted of a cylinder protected by concentric guard rings to ensure 
axial flow of the total heat absorbed by the receiving surface, to the 
other end which was water cooled. Two thermocouples were inserted, one 
at the centre of each end of the conducting cylinder. The instrument 
was reported to have an excessive time constant (of the order of 10 
minutes).
A major problem when storing liquid propane under pressure is that of 
installing sufficient cooling capacity to prevent the overheating of 
such vessels from a nearby fire. The American Institute of Petroleum 
specifies a minimum supply of 8 litres per square metre of vessel 
surface per minute, of cooling water. Van Eijndhoven et al (1974) 
felt, however that more pertinent information on the actual coolant 
rate would benefit the petroleum industry in general. Van Eijndhoven 
developed a 'radiative heat flux density meter' for use both in the 
laboratory and in the field.
The meter consisted of an electrolytic copper disc 24.78 mm in diameter 
and 2.27 mm thick, which was connected to a support by means of a glass 
bar 5 mm in diameter. The exposed surface of the disc was blackened 
with soot. A stream of cooling air was used to absorb the energy from 
the sensing element as well as to minimize the natural convection error 
during calibration of the meter, and incident radiant energy
measurement. Water cooling was necessary to maintain the air stream at 
a desired reference temperature. The incident heat energy was metered 
as a function of the amount of cooling air. The instrument was capable 
of measuring heat flux intensities of 1.5 to 25 kW/m2 with a 
reproducibility of better than 8 percent. The instrument required an 
average of 460 seconds after exposure, to reach steady state 
conditions.
One recent development described by Grey (1976) utilises the 
conductivity heat flux measurement technique in a novel form. Grey 
describes a gauge consisting of three thin, flat wafers; one of 
Constantan and two of copper. The Constantan wafer is sandwiched 
between the copper pair; the copper wafers have fine copper wires 
leading from them, and a Constantan wire is fixed to the Constantan 
layer (Figure 2.8). The three wires are all insulated except where 
they contact the appropriate layer and between them can measure the 
absolute temperatures of both the copper-constantan wafer junctions. 
Since the wafer thickness is much smaller than its diameter, the heat 
flux is "very nearly" one dimensional in nature. The measured 
temperature drop AT, the known wafer thickness Ax, and the mean thermal 
conductivity k of the centre wafer (known exactly because the maximum 
and minimum temperatures of the Constantan layer are known), may then 
be used in the simple integrated form of the one-dimensional Fourier 
equation to calculate the heat flux, q:
Due to the small mass of the transducer element it is to be expected 
that the response time would be very short.
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Figure 2.8 Wafer-Type Heat Flux Gauge (after Grey 1976)
A novel type of heat flow meter was reported by Andretta et al (1981). 
The instrument was developed and laboratory tested, and was claimed to 
give an accurate and reproducible output for the measurement of heat 
fluxes typically found in solar energy and natural cooling work. The 
heat meter consists of a disc 2 mm thick and 60 mm in diameter, of 
insulating material (Plexiglas), onto which are mounted two temperature 
sensors, one on each of the disc faces (Figure 2.9). The two sensors, 
which consist of flat coils of copper wire, are connected in a 
Wheatstone bridge configuration which can then be balanced. Since the 
resistance of the sensors is a function of temperature, exposing one of 
the surfaces to a heat source will result in an unbalance in the 
resistance network. If the other face acts as a heat sink, then the 
output from the Wheatstone bridge will be proportional to the incident 
heat flux (for a given thickness of Plexiglas).
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Figure 2.9 Conductivity Type Heat Flux Meter 
(after Andretta et al 1981)
Since Plexiglas is not entirely opaque to thermal radiation (Incropera 
1981) a correction factor would probably have to be applied. This type 
of heat flux element could be used at much higher incident heat fluxes, 
so long as the thermal resistance piece between the two sensors was 
both opaque to thermal radiation and was not electrically conductive.
The application of heat pipes to the measurement of heat flux has been 
investigated by Kangqi (1981). The heat pipe is a device of very high 
thermal conductance, being similar in some respects to the 
thermosyphon. The principle of operation is based on the transfer of 
heat from a heat source to a heat sink, utilizing the latent heat of 
evaporation of a fluid as the heat transport medium. The heat pipe 
consists of a small quantity of liquid (usually water), which is placed 
• in a tube from which the air is evacuated and the tube sealed. If one 
end of the tube is heated the liquid is vaporized and moves to the cold 
end of the tube where it condenses. The condensate can return to the 
hot end of the tube via a wick type structure utilizing capillary 
forces. Since the latent heat of evaporation of most liquids is large,
considerable quantities of heat can be transported with a very small 
temperature difference from end to end.
The transducer assembly developed by Kangqi (1981), consists of a heat 
pipe, at the ends of which is a hollow copper cylinder with a piece of 
Constantan foil welded across it (Figure 2.10). A copper wire is 
welded to the centre of the foil, thus forming the sensing element 
(after Gardon 1953). The incident heat flux on the sensor is 
dissipated via the heat pipe walls. Kangqi produced two versions of 
the heat flux transducer; one with a heat flux capability up to 210 
kW/m2 and one working up to 500 kW/m2. The time required to reach 90% 
of steady state values was found to be 588 seconds and 400 seconds 
respectively. The 500 kW/m2 heat meter was fitted with extended 
cooling surfaces.
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Figure 2.10 Radial Foil Type Heat Meter Utilising a Heat Pipe
(after Kangqi 1981)
The theoretical differential equation for the transducer operation was
E S S
(a) P.-1
given as:—
where Cp = heat capacity of the transducer 
T = temperature of transducer 
T0 = airibient temperature 
F = heat dissipation area of transducer 
€ = emissivity of transducer surfaces 
h = convective h . t . c. of surface 
<r - Ste fan-Bo Itzmann constant 
r = time
Q = heating rate = q.As 
q = heat flux 
As = area of flux receiving surface.
Under steady state conditions this reduces to:
dT 4 4
c —  = 0 = Q — hF (T - T ) - €0- F(T - T ) (2.11)p * v o v O 7 x
dr
The first industrial application of heat flow meters utilizing heat 
pipes as the cooling medium was probably carried out by Neal et al 
(1980b). The instrument, termed the 'Fluxprobe', consists of a guarded 
conductivity rod with two thermocouples set a known distance apart. The 
receiving surface is coated with nickel oxide to give a highly 
absorptive surface while the other end is embedded in a copper block 
and attached to a water-filled heat pipe. The device was reported to 
have a response time of approximately 20 seconds and was capable of 
measuring flux densities of up to 500 kW/m2 with an accuracy of ±5%. 
Neal used the Fluxprobe to investigate the heat flux distributions in a 
membrane wall power station boiler.
The use of heat pipes as the cooling medium for intrusive type 
measuring instrumentation in furnaces, offers an attractive alternative 
to conventional cooling systems. Due to the nature of the system, heat 
pipes are self-contained and are capable of working up to temperatures 
of 250°C (for water (Dunn and Reay 1982)). They could be used in 
furnaces operating at high temperatures, however, the limitation on 
their range of uses is set by the power handling capacity. For 
water-filled heat pipes this is usually 100 kW/m2 but can be extended 
to 170 kW/m2 by the use of special wick-structures to enhance the 
capillary action (Anon 1985).
Probably the most recent study of heat flux meters was carried out by 
Fatlawi (1984). Fatlawi used a spherical type of heat meter, which 
consisted of a water-cooled support arm and a spherical sensor head.
The instrument was made up of a spherical shell 70 mm in diameter with 
a 5.7 mm wall thickness. Inside this was a smaller sphere 37 mm in 
diameter. An annular gap between the two pieces allowed for the 
passage of cooling water which was supplied and returned via the 
supporting arm. Six sheathed Chrome 1/Alumel thermocouples were welded 
into the outer shell such that the thermocouple tips were embedded 
halfway.
The spherical heat meter was calibrated in an electric muffle furnace 
before being tested in a 440 kW gas-fired furnace fitted with a 
recuperative burner. The results obtained from the calibration work 
showed that the meter could be used either as a thermometric or a 
calorimetric type instrument under steady state conditions. An average 
time constant of 1.6 minutes was obtained for the range 15 kW/m2 to 200
kW/m2 of incident radiant energy. Fatlawi (1984) reported that tests 
on the gas-fired furnace displayed a peak signal output from the heat 
meter for equivalence ratios, <t> in the range 0.955 < <t> < 1.015, where
Stoichiometric Air-Fuel Ratio , '
(J) *  -  ^2  • 12 y
Actual Air-Fuel Ratio 
and at an average value of <J> = 0.985.
The particular geometry of the meter used by Fatlawi (1984) takes no 
account of the direction of heat fluxes. However, because of this 
geometry it is capable of ’seeing' every aspect of the furnace interior 
and can thus give a measure of the total radiant energy passing through 
a particular point.
2.3 Industrial Developments of the Heat Flux Meter — A Summary
Investigator Type of 
Instrument
Conditions
of
Use
Maximum 
Heat Flux 
Recorded 
(kW/m2)
Remarks
Kirpitchev 
(1939) 
[Baulk & 
Thring] 
(1946)]
Thermo­
electric
Boiler
furnaces
- -
Hase
(1932)
Ball,
Thermome­
tric
-
Croft & 
Schmarje 
(1935 & 1936)
Calorime-
tric
Used in wall 
of,and between 
tubes of boiler
180 kW/m2
Separated 
radiation from 
convection by 
means of an 
air jet.
Styrikowit- 
-sch 
(1936) 
[Baulk & 
Thring 
(1946)]
Calorime-
tric
Boiler
furnaces
580 kW/m2
Time to steady 
state reading 
:10 mins.
Kazantsev
(1939)
Themomet- 
-ric,plane 
receiving 
surface
Open hearth 
furnaces 780 kW/m2 -
Baulk & 
Thring 
(1946)
calorimet- 
-ric,plane 
receiving 
surface.
Steel melting 
furnace & glass 
holding tank.
950 kW/m2
Probe mounted 
on the end of 
3m. water- 
cooled arm.
Thring
(1951)
Calorimet- 
-ric,plane 
receiving 
surfaces.
Open hearth 
furnace. -
Twin surface 
arrangement to 
calculate net 
heat fluxes.
Thorneycroft
(1959) Calorimet-
-ric.
Petroleum 
heaters. 47 kW/m2
Constructed as 
a tube section 
in order to 
mimic furnace 
tube.
clatworthy
(1960)
Conductiv- 
-ity ;
(axial 
type)
Boiler
furnaces 308 kW/m2
Time to steady 
state reading: 
2.5 minutes 
for heat flux 
up to 250kW/m2
Northover 
(1966)
Conductiv-
-ity.
(radial 
type)
Power station 
boilers
Meter welded 
to boiler tube 
Operates up to 
750 oc. 
Sucessfully 
in service for 
over 2000 hrs.
Van Eijndhov- 
-en et al. 
(1974)
Calorimet- 
-ric. 
(plane 
surface)
Liquid propane 
storage vessels 25 kW/m2
Monitoring 
heat flux on 
liquid propane 
storage tanks. 
Time to steady 
state;460 sec.
Neal et al• 
(1980b)
Ccnductiv-
-ity type.
(axial)
i) The 
"Fluxtube"
ii )The 
"Dometer"
Power station 
boilers.
Consructed 
from locally 
thickened tube
Boiler tube
surface
mounted
Portable hand 
held insrum.t 
:heat pipe as 
cooling medium
600 kW/m2 
600 kW/m2 
500 kW/m2
iii)The 
"Flux- 
-probe"
Tashiro et al 
(1982)
Conductiv­
ity.
Boiler furnaces 580 kW/m2 Conductivity 
section welded 
to outside of 
boiler tubes.
3. THE DEVELOPMENT OF A PROTOTYPE
HEAT FDOX METER
In order to measure any quantity within the confines of a combustion 
chamber, the construction of any such measuring device must be given 
careful consideration. This is especially true for intrusive type 
devices which must be capable of withstanding both high temperatures, 
and corrosive conditions.
3.1 Heat Meter Design Criteria
The nature of combustion chambers dictates that intrusive type 
measurements can only be achieved using either water-cooled (or other 
cooling mediums), or refractory type devices, apart from remote optical 
methods. The literature review given in Section 2 supports this 
statement, for those instruments built specifically for continuous use 
in furnaces.
Of the many different designs proposed (see Section 2) a number include 
various modifications such as the use of air screens (Ballintijn 1968, 
Clatworthy I960, Thompson 1967) to separate the effects of convection 
from those of radiant heat absorption. The shape of the receiving 
surface varied between the designs : meters with flat receiving 
surfaces were intended for use in measuring heat transfer to the 
furnace walls, wall-embedded sinks, and similar plane geometries (Baulk 
1944, Thorneycroft 1959, Ballintijn 1968). Other receiving surface 
shapes such as hemispherical or spherical geometries were used where a 
much wider field of view was required (H&se 1932, Neal 1980b, Fatlawi
1984). The use of reflective surfaces for the collection of radiant 
energy onto a thermopile was used by Glaser (1953) and Chedaille 
(1972).
Water-cooled heat flow meters cam be separated into two classes, that 
is, calorimetric amd conductivity types. Calorimetric types utilize the 
enthalpy rise in the cooling water over the receiving surface, while 
conductivity types measure the temperature drop across a solid (usually 
metallic) element of known thermal resistance. In general, 
calorimetric type devices tend to respond more slowly and are more 
inaccurate than the conductivity type, over long periods of operation, 
water scale deposition in the calorimetric sections may grossly affect 
the response and calibration of such instruments. With conductivity 
type heat meters, again the response time may be affected in much the 
same way. However, due to the difference in the principles of 
operation a significant rise in the temperature of the cooling water is 
not necessary (unlike the calorimetric device) and consequently the 
water temperature can be kept down. This minimizes the possibility of
water-scale formation (a problem in hard water areas), which is usually
formed by the precipitation of calcium carbonate, from the thermally 
unstable soluble bicarbonate. Another problem associated with 
calorimetric type heat meters is the problem of accurately measuring 
the water flowrate. This must be known in order to evaluate the total 
heat input, i.e.
m e  AT
4 = ------------------------------------------ <3.1)1
A
Where q = incident heat flux
m = mass flowrate of water
^Applicable under steady state conditions.
Cp = mean specific heat capacity
AT = temperature rise in the water over the calorimeter section
A = receiving area of calorimeter
The effect of water flowrate fluctuations on heat flux measurement is
discussed by Fatlawi (1984) and others (Burton 1951a). Finally, 
calorimetric devices in general, tend to be more complex in 
construction than the conductivity type, usually requiring two cooling 
water systems, one for the calorimeter section and one acting as a 
radiation shield and general probe coolant (Figure 3.1 shows a typical 
cooling water arrangement, (after styrikowitsch 1936)).
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Figure 3.1 A Calorimetric Type of Heat Flow Meter 
(after Styrikowitsch 1936)
More general errors that tend to be associated with the use of 
intrusive furnace instrumentation include those of ash and slag 
deposition. These problems have been discussed with particular 
reference to heat flux meters by Neal (1980a) and by Morgan (1974).
For the purposes of monitoring the heat flux field in a combustion 
chamber, the instrument employed should satisfy the following 
requirements:
i) The cooling medium (if any) must never fail as this will lead to 
catastrophic failure of the instrument.
ii) Since fossil fuel fired combustion chambers produce a corrosive 
atmosphere, the sensing element and the supporting arm must be 
capable of resisting any chemical attack for long periods of time. 
Additionally, the heat meter must be quite sturdy and be capable 
of withstanding physical abuse. The surface characteristics of 
the receiving element must be known and be immune to effects which 
may alter the radiant absorption coefficient, and thus the amount 
of radiant energy absorbed.
iii) Any temperature measuring device employed (usually thermocouples) 
must give a faithful and reproducible output, with the effects of 
ageing either known, or of minimal consequence.
iv) The operating temperature of the radiant receiving surface must be 
known, or be kept so low that the surface re-radiation is 
negligible compared to that incident from the hot source. For
example, if the surface is kept below say 250°C, then at a black 
body temperature of 1200°C, the maximum error in ignoring the 
re-radiation from the sensor is:-
[<X '.T*] - [<T <T 4 - T *)]
-------     x 100,
lc . Tr ]
substituting in:
(1473)4 - (14734 - 5234 ) -------- -------- —— - —-----------   x  loo
(1473)
= 1.6%
v) The flowrate of coolant must be reasonably constant. For a
calorimetric type device the actual coolant flowrate must be known 
in order to evaluate the rate of heat absorbed (see Eqn. 3.1).
A conductivity type heat flow meter, although not requiring an 
accurate measure of the coolant flowrate, does rely on the 
flowrate, or more specifically the convective heat transfer 
coefficient between the coolant and the sensor surface.
If one considers a plane wall of area A (Figure 3.2), under steady 
state conditions, one surface, at Ts,i, is receiving radiant 
energy while the other is exposed to a fluid of temperature Too < 
Ts,2 < Ts,i.
q s,1
q
S,1 Bi = 1
q
q
Bi»1
S,2
Tco.h
Ttt
Figure 3.2 Effect of the Biot Number on the One-Dimensional 
Steady-State Temperature Distribution in a Solid Medium with 
Surface Convection and Radiation.
For a given rate of radiant heat transfer, the one-dimensional 
steady state surface energy balance is given by:-
kA
(T _ - T - ) = hA (T _ — T ) S,1 S,2 S, 2 oo
(3.2)
where k is the thermal conductivity of the solid (considered here 
as a constant).
Rearranging Eqn. 3.2 we obtain:-
Ts,l TS,2 _ (L/kA) _ RCOND _ hL 
— — — — — — —  _  — — — — —  _  — — — —  _  —  * (3.3)
T - T 
S, 2 oo rconv k
The quantity (hL/k), also termed the Biot number, provides a 
measure of the temperature drop in the solid relative to the 
temperature difference between the surface and the fluid.
This is an important effect if the fluid heat transfer coefficient 
varies over a considerable range, and especially when the range 1 
>> Bi > 1, is covered. With reference to Figure 3.2, when the 
system Biot number is much less than one, that is, where heat 
transfer is controlled by convection (all other things being 
equal), the solid will be at a higher temperature and will 
therefore radiate heat from surface 1. Consequently less energy 
will be absorbed and the temperature difference between surfaces 1 
and 2 will be less. As the convective heat transfer coefficient 
increases so the re-radiation from surface 1 will decrease and the 
temperature difference across the solid will correspondingly 
increase. Realistically, this may consist of a conduction piece 
which receives radiant energy on one end only. The other end, 
cooled by water would have a widely fluctuating flowrate such that 
the interface heat transfer coefficient varied by many orders of 
magnitude'. The result of this would be to produce a temperature 
difference across the solid which would vary despite there being a 
constant radiant heating rate.
Consideration must be given to the type of receiving surface and 
especially the angular field of view over which the radiant heat flux 
is to be monitored. Most heat flux meters utilize a planar receiving 
surface which has a 2rr-steradian field of view (assuming that the 
surface is diffuse; Hottel 1967). This type of sensor would be capable
of monitoring the radiant energy emitted from say, a flame along with 
that radiated and reflected from any hot walls in the field of view. To 
monitor the total radiant field in a hot-walled furnace would require a 
4ir-steradian receiver. This would be capable of measuring the total 
radiant heat flux (regardless of direction) through any given point in 
a furnace. Additionally, the output of such an instrument would be 
independent of its angle of orientation in a given radiant field.
Finally, consideration must be given to the utilization of heat flow 
devices for the control of combustion systems. Direct control of the 
heat release in furnaces has been attempted by a few workers (Smith 
1971, 1975; Harfoot 1979; Fatlawi 1984), only one of which has used a 
heat flow meter as the control signal (Fatlawi 1984). Fatlawi (1984) 
found that the main drawbacks as regards transient operation was the 
’excessive * time constant of the developed heat flow meter (>1.6 
minutes). Fatlawi pointed out that the main reason for this was the 
large mass of construction of the meter.
It was decided that the type of heat flux meter to be used in this 
study, should be capable of acting either as a plane-surfaced receiver, 
or as a 4Tr-steradian receiver. The meter, as designed and constructed 
in this work, consists of two separate parts. The first is a 
water-cooled probe which, on its own, can function as a plane receiver, 
and alternatively, when inserted into the hollow ceramic shield,can act 
as a 4rr-steradian receiver.
3.2 Design of the water-cooled Beat Flux Probe
In order to satisfy the criteria for am accurate and highly responsive 
instrument, a number of different, conductivity type heat flux sensors 
were constructed. The first, which warn based on the design due to 
Fowler (1952), utilizes a ’pure' copper (99.9%) rod along which are set 
three Chrome1/Alumel type thermocouples. The second was a water-cooled 
arm onto which a number of different sensors were fitted. These 
designs are described in Sections 3.2.1 to 3.2.3.
3.2.1 Probe 1/HFM1 - The Shielded Rod Type Heat Flux Meter
HFMl consists of a shielded copper rod (see Figure 3.3 amd Plate 3.2-A) 
which was silver soldered to the end of a water-cooled stainless steel 
arm (Figure 3.3 and Plate 3.1-A). The shield was also manufactured 
from copper and acts as a radiation shield, preventing radiant energy 
being absorbed on the cylindrical surface of the sensing rod. Thus, 
only the radiant energy falling on one end of the copper rod would be 
absorbed and conducted through to the heat sink at the other end . The 
heat flow down the sensing element could therefore be considered to be 
one-dimensional in nature.
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Figure 3.4 Operation of Probe l/HFMl
At steady state it can be written
m 4 - AT . .«q = <7 € T = - k   (3.4)
S  R AX
where Tr >> Ts, and Ar  >> Ag.
k, the mean thermal conductivity is defined asj-
k =
T - T 1 2
rTi
T2
k(T) dt (3.5)
Along the axis of the conductivity piece were soldered three 0.5 mm 
stainless steel sheathed Chrome1/Alumel thermocouples. The distances 
between the thermocouples was different so as to obtain different 
scales of temperature output and to check the assumption of 
one-dimensional heat flow. The thermocouple wires were brought out 
through the shield piece and soldered at regular intervals down the
water cooled arm. Sheathed Chrome 1/Alumel thermocouples were also 
placed in the cooling water inlet and outlet lines, and at the tip of 
the probe (see Figure 3.4).
Initial tests performed on Probe 1 were carried out in a "Carbolite" 
electric muffle furnace (see Section 4.1.1). These initial tests 
revealed that the temperature readings from the two front thermocouples 
in the copper rod were highly irregular. It was thought that, since 
the thermocouple readings changed at random time intervals, the 
thermocouple sheath insulation (magnesium oxide powder), had been 
damaged. These random changes in the thermocouple outputs could be 
induced by disturbing the wires where they entered the copper shield 
and was not thought to be due to the random ungrounding of a fixed 
junction thermocouple assembly.
From these initial tests, however it was possible to analyse the 
transient behaviour of the heat flux sensor. For a step change in the 
radiant energy field (achieved by sudden exposure of the probe head 
assembly to the interior of the electric muffle furnace), it was found 
that the average time constant of the probe assembly was of the order 
of 120 seconds.
As a result of the problems with the thermocouples, and the rather 
excessive response time of the instrument, it was decided to replace 
Probe 1 and HFM1, with a faster acting device which would give a more 
reproducible and faithful output.
3.2.2 The Axial Disc Heat Flux Meter - (HFM2)
The main problem with the design of HFMl, apart from the thermocouple 
failure, is the large mass of construction of the actual sensor. Since 
this factor is directly related to the response time, that iss-
T(t) - T _ hA.t
T = — 2—  = e me (3.6)
T(t=0) - T oo
decreasing the sensor mass and/or increasing the receiving surface area 
will effect a reduction in the response time of the instrument.
As a result of this, a heat flux meter was designed along the lines of 
one described by Grey (1976). HFM2 (see Figure 3.5), works on the same 
principle as the first sensor but, due to its very much smaller mass, 
the theoretical response time is greatly improved.
The sensor element consists of a copper base (99.9% pure), onto which 
is soft-soldered a thin disc of Constantan. A P.T.F.E. insulated wire 
of Constantan is spark welded to the thin disc before it is soldered to 
the copper base, and passed through a small hole to the rear side of 
the base piece. Once the disc is soldered to the front of the copper 
base piece, a layer of copper is electrodeposited onto the exposed 
surface of the Constantan. A small hole is then drilled through the 
whole assembly and a fine, insulated copper wire (0.076 mm) is passed 
through to the top surface. Here, the exposed end is carefully soft 
-soldered to the copper deposit using the bare minimum of solder. 
Finally, another copper electrodeposit is put down over the solder 
joint and the rest of the top surface. This deposit, being at least 
0.3 mm thick is to protect the top electrical contact. Another copper
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wire is attached to the copper base piece. The resulting thermocouple
network consists of two copper/Constantan plate thermocouples, one on 
either side of the thin Constantan disc.
Cooling
Water
(a )
t
T
( k in W/mk )
Pb/Sn Solder
Const.n
0 x
(b )
Figure 3.6 The Axial Disc Heat Flux Meter
The final assembly was to be mounted on the end of a water-cooled a m  
similar to that shown in Figure 3.7. The operating characteristics of 
HFM2, are in essence, the same as those for HFM1, that is, 
one-dimensional heat conduction. Radiant heat incident on the exposed 
front surface is conducted via the Constantan disc to the copper base 
piece and then to the cooling water at the rear (see Figure 3.6). The 
necessary condition for true one-dimensional conduction through the 
Constantan layer is that the dimension r > > t (see Figure 3.6a). Since 
the soft solder layer between the rear of the Constantan disc and the
copper base is thin, the thermal gradient within the solder layer will 
be negligible. Furthermore, because kcu >> kcon* the Constantan layer 
acts as the thermal resistance and also, thermocouple half-junction. At 
steady state.
q = a e T_ = s R
k [T B ( - r  ) -  t c < * r D ) ]
[xc " V
(3.7)
see Figure 3.6
assuming that:-
i) Tr >> TS
ii) Ar  >> Ag
iii) [Xc - x b ] >> [x d - Xc)
iv) r >> t
The mean thermal conductivity of the Constantan disc, k, , can usually 
be taken at the arithmetic mean temperature of the top and bottom 
surfaces (assuming a linear dependence with temperature), i.e.,
k = k 1 + b
(T_ + T ) B C (3.8)
where ko is the thermal conductivity at some reference temperature 
(usually 0°C), and b is the fractional variation of thermal 
conductivity per unit rise in temperature.
A number of problems were encountered during the fabrication of the 
axial disc heat meter. In the final stages of copper deposition, a 
problem was apparent concerning the masking off of areas not requiring 
copper plating. Since the masking procedure used (non-water soluble 
organic resins applied to all but the disc surface) was not 
particularly effective, a final machining operation was necessary. This 
was to remove the excess copper deposit which formed on the thin sides
of the Constantan disc. Removal of this was necessary so as to prevent 
a thermal short circuit around the Constantan. During the machining 
process the copper deposits broke off, including those on the disc top 
surface. Unfortunately this occurred every single time despite every 
caxe being taken with both the plating process and the machining rate.
Due to the problems encountered with the fabrication of this type of 
heat flow sensor, it was decided to discontinue development of HFM2. It 
can be concluded, however, that the copper plating procedure requires 
more research and, probably the machining process needs rethinking.
The development of a third type of heat flux sensor was undertaken,
utilizing certain aspects used in the design of HFM2. In particular 
the main prerequisites for HFM3 are:-
i) low mass of construction,
ii) the same thermocouple materials (i.e. copper and Constantan)
and iii) a much simpler design.
3.2.3 The Radial Disc Heat Flux Meter (HFM3)
The radial disc type heat flux meter has been investigated by a number
of workers (Gardon 1953, Northover 1966, Kangqi 1981). This type of
heat meter was chosen because of its low mass and simplicity of
construction.
The instrument itself consists of a thin disc of Constantan, mounted in 
a much larger copper block which is in turn attached to a water-cooled 
copper arm (see Figure 3.7 and Plates 3.IB and 3.2B (and B')). The 
Constantan disc is silver soldered around its periphery to the copper
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Figure 3.7
block to ensure good thermal and electrical contact. Two 0.076 mm 
P.T.F.E. coated Constantan wires and one copper wire of identical 
dimensions are soft soldered to the centre of the rear surface of the 
Constantan disc. A similar copper wire is soldered to the copper 
block. The back of the Constantan disc and the thermocouple junctions 
thus formed (i.e., one at the disc centre and one at the periphery), 
are then set in a silicone rubber ("Silcoset 150”) to prevent the 
ingress of foreign matter and to minimize the possibility of the wires 
becoming detached. Finally, the receiving surface of the element is 
coated with a thin layer of high temperature matt black paint to ensure 
the surface has a high thermal radiation absorption coefficient.
Initial trials on the prototype radial disc heat meter, HFM3(A) (see 
Section 4.2.2) showed that the element responded well to thermal 
perturbations and gave a stable and unique output. However, due to the 
initial design of the cooling water arm (see Figure 3.7), the 
protective tube used to bring the thermocouple leads out of the back of 
the instrument suffered from an ingress of cooling water, which, after 
inspection showed that the silicone rubber at the rear of the
Constantan disc, was slowly becoming detached from the copper body. As
a result of this another copper cooling water arm was constructed (see 
Figure 3.8 and Plate 3.1C). This consists of a sealed annular cooling
water arm. The radial disc sensor head is soldered on to the sealed
end of the copper cooling arm and the thermocouple leads are brought 
out along the central tube, which is isolated from the cooling water.
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This latter design of plane surfaced heat flow meter was chosen for a 
detailed study. A new radial disc sensor, HFM3(B) was constructed for 
use with this cooling water arm. The sensor was sized to enable heat 
flux measurements to be made at flux densities up to 1 MW/m2 (see 
Appendix I).
3.2.4 Theory of Operation of a Radial Disc Heat Flux Meter
The basic principle of operation of the radial disc type heat meter is 
shown schematically in Figure 3.9. The heat received on the outer 
surface of the disc, A, is distributed radially to the body, B, and 
then to the heat sink on the rear side of the meter,C, (in this case
q. q, q, q,
I I I I
I
— A
— Cr
Figure 3.9 The Radial Disc Heat Flux Meter
cooling water). The finite thermal resistance of the disc, which is 
greater them that of the body, gives rise to a temperature difference 
between its centre and periphery. If suitable connecting wires are 
attached to the disc centre and the meter body, an e.m.f. is produced 
which is proportional to the magnitude of the disc radial temperature 
difference.
Consider a thin circular disc of thickness S and radius R (see Figure 
3.10), connected to a large heat sink which is maintained at a constant 
temperature, T0:
Figure 3.10
This disc is allowed to absorb thermal radiation of intensity q  on one 
face only. For a sufficiently thin disc the time dependent differential 
equation which describes the radial temperature distribution within the 
disc is, given by:-
3T 3T
—  . 2rrr6rS.cp = 2rrr6r.q - —  .k.2irrs
a t  dr
5T , a T e 
—  + —  • er
ar ar
.k.2Tt (r+6r) S (3.9)
where T(r,t) = temperature of the disc at radius r and time t, t = time 
from the beginning of irradiation, k = thermal conductivity of the disc 
material, and cp = volumetric specific heat of the disc material.
Equation 3.9 implies certain assumptions made concerning the transfer 
of energy. These are:-
i) The heating rate of the disc is not a function of the disc 
temperature. For a radiantly heated disc, this implies that 
re-radiation is negligible as well as the assumption of 
constant physical properties of the disc material.
ii) There is no heat loss from the disc by conduction down the 
centre wire(s).
iii) Convective heat transfer to or from the disc is negligible.
iv) Only radial heat flow exist, that is there are no thermal 
gradients across the small disc thickness.
Under steady state conditions, Equation 3.9 reduces to:-
d T 1 dT q+ -  —  + 3  - o
2
dr r dr sk
(3.10)
and its solution here has the following boundary conditions,
dT
dr
= 0 at r = o
T = T at r = R o
(3.lla)
(3.11b)
After integration of 3.10 we obtain:
dT qr C1 (3.12)
dr 2Sk r
After a second Integration:
■ • 2
T = - —  + c In r + c (3.13)
4Sk
where the constants Ci and C2 are determined from the boundary
conditions <3.1la and 3.11b).
At r = 0/ it is found from Eqs. 3.12 and 3.11a that Ci = 0. At r = R,
from Eqs. 3.13 and 3.11b:
._2
T = T = - —  + C
° 4Sk 2
and rearranging:
.2
c = 25 + T (3.14)
4Sk
Substituting Ci and C2 in Eq. 3.13 we obtain:
T = T + -i- (R2 - r2) (3.15)o 4Sk
At r = 0 the temperature at the radial disc axis, Tc can be found from:
In order to investigate the transient behaviour of the radial disc 
system, a simple lumped parameter analysis can be used. From an 
overall energy balance on the disc, i.e.,
(3.16)
where h = heat transfer coefficient, Ag = area of receiving surface, 
T(t) = mean disc temperature at time t, V = volume of disc, and pc = 
volumetric specific heat of the disc: the thermal time constant of the 
system can be written as (incropera 1981):
Tt = (1/h Ag )(p Vc) = Rt ct (3.18)
where Rt is the resistance to heat transfer and Ct is the lumped 
thermal capacitance of the disc.
For a radiantly heated disc, where the rate of heat transfer is 
governed by the internal resistance of the solid:
R = —  = —  i-  (3.19)
ha (4Sk/R ).As s
Substituting 3.19 into 3.18:
Tt = (4Sk/R2).Ag
(P VC)
where As = tt R2, and V = n R2 S. Rearranging:
_2
P c R , „T =  ---- (3.20)
4k
The above mathematical relationships, given for purely radial flow in a 
disc however, do not hold true for all conditions. There are a number 
of effects which can modify the response of the disc, including a 
number of physical parameters that were assumed to be constants in the
above derivations. These modifying effects can be included in the 
general differential equation that describes the behaviour of the 
sensor (see Eq. 3.9). Evidently, to obtain the generalized solution 
would be a very complex process if all the various assumptions were 
relaxed simultaneously. Consequently these effects will be dealt with 
one at a time.
CASE l: Variation of the Disc Thermal Conductivity
Since the thermal conductivity of materials is a function of 
temperature, some form of correction must be made. The variation 
of thermal conductivity with temperature can usually be expressed 
in a linear form, that is:
k = kQ (1 + bT) (3.21)
where ko = thermal conductivity at a reference temperature
(usually 0°C), b is a constant specific to the material in
question, and T is the average temperature of the material
Substituting Eq. 3.21 into 3.16 gives
AT AT
4 k S
(3.22)
2 O
where AT = Tc - T0 . Eq. 3.22 applies for when the disc peripheral 
temperature is the same as the reference temperature upon which ko 
is based.
CASE 2: Disc Temperature Measurement Using a Differential Thermocouple
The thermoelectric generation characteristics of most metals and 
alloys can be adequately represented by the quadratic equation:
E = a + bT + cT (3.23)
A differential thermocouple used to measure the disc temperature 
difference does not give an indication of the absolute 
temperature. The resulting e.m.f. output from such a system at a 
constant radiant flux will vary if the base temperature varies. 
This is particularly noticeable for temperature vs. e.m.f. 
relationships which are highly non-linear (see Figure 3.11).
dBdE
e.m.f.
E,E,
Figure 3.11 Variation in e.m.f. output from a 
differential thermocouple at different base 
temperatures.
For a radiantly heated disc at steady state
E = a + bT + cT o o o
and E = a + bT + cT 
c c c
(3.24)
Now:
2 2 
E - E = [a + bT + cT ] - [a + bT + cT ] c o c c o o (3.25)
Rearranging
and
(3.26)
Substituting for (Tc - T0 ) in Eq. 3.16 from Eq. 3.26:
E 2
—  = —  . [b + C(T + T )] (3.27
q 4Sk C °
Use of a differential therocouple must be considered with care 
and, for non-linear temperature/e.m.f relationships at least one 
absolute temperature must be known.
CASE 3: Radiantly Heated Disc with Constant Heat Flux Boundary
Conditions
This problem is identical to that as solved from Eq. 3.10 to Eq. 
3.16 except for a change in the boundary conditions. Where the 
boundary condition:
which was used before (that is, constant temperature), must now be 
replaced with the condition:
T = T at r = R 
o
(cf.,3.11b)
h
(T - T ) at r = R (3.28)
dr k
O 00
Where h = peripheral resistance to heat transfer, and T^ is the 
temperature of the heat sink.
Eq. 3.10,
d T 1 dT q
dr r dr sk = 0
(cf.,3.10)
can be solved using the new boundary condition (Eq. 3.28) and the 
symmetry condition (Eq. 3.1la).
Using the symmetry condition (Eq. 3.11a), the integration constant 
Ci in Eq. 3.12 is:
C = 0
Eq. 3.12 thus becomes; at r = R:-
dT
dr r=R
=  -
2Sk
(3.29)
Substituting this latter expression in Eq. 3.28, we obtain:
—  = n(T - t )
O 002S
and,
t » s e  + t
° 2hS 00
(3.29a)
From Eq. 3.13, the remaining integration constant, C2 can be
found:
Substituting Ci and C2 into Eq. 3.13 gives:
CASE
T = T + (R2 - r2)
00 2hS 4Sk
(3.30)
At r = 0 (where T=Tc )r the temperature at the disc axis can be 
found from Eq. 3.31:
. 2
qR qR T = T + -—  + —
C ® 2hS 4Sk
(3.31)
As expected, the condition that h -> 00, then Too “ To .^nd Eq. 3.30 
reduces to the constant temperature boundary condition,
T = T + o
qR2
4Sk
1 -
r 
I R
(3.32) 
(Cf.,3.15)
or, for the temperature at the axis:
T = T + —  
c 0 4Sk
(Cf. , 3.16)
4: Convective Heat Transfer to a Radiantly Heated Disc
The added complication of a moving fluid over the surface of a 
radiantly heated disc;
Figure 3.12
yields the appropriately modified form of Eq. 3.10:
d2T 1 dT 
4- - — f
dr r dr
q + hf(Tf - T ) 
k S
(3.33)
The general solution of Eq. 3.33 may be written as:
T = ci io [r (hf/kS)1/2] + c2 Kq [r(hf/ks)1/2]
+ C(q + 'h f  TB ) /h f ) (3.34)
where IQ and Kq are modified Bessel functions (see Appendix II for 
the derivation of Eq. 3.34). Under the following boundary 
conditions.
dT
dr
= 0 at r = 0 (3.35a)
T = T at r = R 
o (3.35b)
The temperature, Tc at the centre of the disc is therefore
given by,
CASE
To - <q/v - T 4
T = — --------- j-;—  + - + T,
I R(h A S )  /2 hf
(3.36)
When Tf differs from T0 by A, the general expression T0 + A can 
be substituted for Tf, and the temperature between the centre and 
edge of the disc is (see Appendix II):-
T - T = c o
R2(q  + bf A)
(4kS + R2 hf )
( 3.37 )
Eq.3.37 applies for small values of hf (see Appendix II).
Using a simple lumped analysis, the time constant for this case 
(see Appendix II), is given by:
Tt =
p  C  R
4k + (R hf/s)
(3.38)
Equations 3.37 and 3.38 show that both the sensitivity and the 
time constant will be changed by this convective effect.
5: Heat Loss Down the centre Wire
]E3E
T«
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Figure 3.13
The basic time-independent equation (Eq. 3.10), describes the 
general function, but for this case, the boundary conditions 
change. The important parameters will become the radius b, 
thermal conductivity, kw, and length, L, of the centre wire as 
shown in Figure 3.13. The total heat flow to the centre wire is:
at r=b. The total heat flow down the wire is:
k (tt b2)(T - T )w c o
Equating Equations 3.39 and 3.40 gives one of the boundary 
conditions:
q^ =  tt  b2 q + 2rr b kS — (3.39)
(3.41)
dr
r=b
2SkL 2kS
The above boundary condition and the conditions
T = T0 at r = R
T = Tc at r = b
reduce the general solution (see Appendix II), to
T - T c o
[g (R2 - b2 )/4kS] 
(1 + P]
(3.42)
where
[k b2 ln(R/b)]
P = -----------
2 kSL
A lumped parameter analysis for this case yields the time 
constant,
pc (R2 - b2) 
4k (1 + P)
(3.43)
3.2.4.1 The Effect of Different Boundary Conditions on the
Behaviour of Radial Disc Type Heat Meters
The trivial case of radiant heat transfer to a radial disc with
constant temperature boundary conditions shows a ! linear dependence of heat flux
with disc AT!. Figure 3.14(a) illustrates this for various values of disc 
radius to disc thickness. The sensitivity of the disc to changes in 
this ratio is seen to vary linearly with heat flux also. When 
variations of thermal conductivity with temperature are taken into 
account (see Figure 3.14(b)), these linear relationships no longer 
apply. The disc sensitivity here is seen to be somewhat less, 
especially at higher heating rates and larger disc width to thickness 
ratios.
When the peripheral boundary condition is changed from one of constant 
temperature to one of constant heat flux, a more generalised solution 
to the steady state equation (Eq. 3.10) is obtained, that is;
(cf.,3.31)
It can be seen from Eq. 3.31 that when the boundary heat transfer 
resistance is increased, the base temperature of the disc also 
increases (see Figure 3.14(c)). As a result of this, when the boundary 
resistance is high then the assumption of constant thermal conductivity 
will result in substantial errors in predicting the radiative heat 
flux.
The effect of convective heating in addition to radiant heating of a 
disc is shown in Figure 3.14(d). It can be seen that in the presence 
of high fluid temperatures, the indicated heat flux is somewhat higher 
eyen at low values of the convective heat transfer coefficient.
Applying this to conditions prevailing in combustion chambers, the 
indicated flux will differ from the actual radiant heat flux present 
since the gas temperatures encountered are high. This effect will be 
even more important when the gas velocity is high as, for example, may 
be found in or near to a flame envelope (stambuleanu 1976).
In order to measure the temperature difference across a radiantly (or 
convectively) heated disc, it is usual to fix a thermocouple wire or 
wires to the centre point of the disc. The effect of doing this will 
be to again modify the actual disc temperature profile. This 
additional factor (see Eq. 3.42) will only be important if either, (a) 
the wire diameter b is large and/or, (b) the wire thermal conductivity, 
kw , is high and/or, (c) the wire is fixed to a locally situated heat 
sink (i.e., the wire length is small).
T - T  = ^  ^R -- ~ (Cf.,3.42)
C ° [1 + P3
where.
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The effect of the wire radius on the indicated heat flux across a disc 
made from Constantan with a copper centre wire is given in Figure 
3.14(e). For small wire thicknesses, errors due to conduction down the 
centre wire assembly are not important. However, with reference to 
Section 4.2.5, it appears that there are problems resulting in 
conduction down the centre wires. These problems are thought to arise 
from a thermal short-circuit created during one of the fabrication 
processes.
Up to now, the assumption of purely radial heat flow in one dimension 
has not been relaxed. To establish whether or not this is an 
assumption that can be said to be valid, deviation from a 
one-dimensional analysis must be considered. The following section 
deals with this problem, utilising a finite-difference model of a 
radiantly heated disc.
3.2.5 Deviation From One Dimensional Analysis of a Radiantly 
Heated Disc - A Finite Difference Model
For a system in which a disc is heated on one face with a heat sink at 
the disc periphery, the temperature distribution across the disc 
thickness will only be a constant when the thickness is infinitely 
small. As the thickness is increased the deviation from one 
dimensional heat conduction must also increase.
The temperature differences across a disc of finite thickness can be 
analysed theoretically by using a finite-difference model of the disc 
and associated heat sink. The heat flux meter described in Section
3.2.3 along with the associated water-cooled probe (see Figure 3.8) is 
to be modelled in this way.
3.2.5.1 Development of a Finite Difference Model 
for a Radial system
The system to be modelled consists of a disc of Constantan attached via 
its periphery to a copper block which in turn is soft soldered to the 
end of a water cooled probe. The geometry of the system is such that 
it can be defined by steady state two-dimensional heat transfer.
dz
dr
Figure 3.15 Differential Control Volume dr.rd<t>.dz, for 
Conduction Heat Transfer in Cylindrical coordinates, (r,<t>,z)
In the presence of internal heat generation, qi:-
i  a aT . 1 d , aT , d , aTkr — + —  — k — + -- k —
r 3r dr. r2 a<j> 54>. d Z dZ.
+ qr = 0
Assuming axial symmetry, the temperature will not change along <t>
is:
0T a2T- = 0 and —  = 0 ,
3<t> d<t>2
and Eq. 3.44 reduces to:
1 a aT kr —
, aT 
k —
r ar dr. az dZ.
+ cij. = o
which when expanded yields,
' 92T , k 3T , , 92T •.k. + ---- + k --- + qi = 0
ar2 r ar az2
The finite difference form of Eq. 3.47 can now be evaluated,
m -1,n
m.n-1
(3.44)
, that
(3.45)
(3.46)
(3.47)
Figure 3.16 Conduction to an Interior Node from its 
Adjoining Nodes (Polar Co-ordinates)
The finite difference method is a technique whereby a series of 
discrete grid points (as shown in Figure 3.16) replace the continuous 
differential equation that describes the physical system (Patankar 
1980). The descretization equation that can be obtained from the nodal 
network is an algebraic relationship derived from the differential 
equation governing T and thus expresses the same physical information 
as the differential equation. Only a few of these grid points 
participate in a given discretization equation and consequently the 
value of T at a grid point only influences the distribution of T in its 
immediate vicinity. As the number of grid points becomes very large, 
the solution of the discretization equations can be expected to 
approach the exact solution of the corresponding differential equation. 
This follows from the consideration that, as the grid points get closer 
together, the change in T between neighbouring grid points becomes 
small, and then the actual details of the profile assumption become 
unimportant.
The nodal network for a system which is described by Eq. 3.47 can be 
evaluated using the energy balance method (Incropera 1981). For 
steady, two-dimensional conditions with no internal heat generation, 
energy exchange is influenced only by conduction between the grid point 
m,n (see Figure 3.16) and its four neighbouring points. For a control 
volume about the m,n nodal region, the energy conservation requirement 
may be expressed as:
4
q(i)-Km*n)
= 0 (3.48)
To evaluate the conduction rate terms it is assumed that conduction 
heat transfer occurs exclusively through ’lanes' that axe oriented in 
either the radial (r) or z direction, simplified forms of Fourier’s 
law can therefore be used, that is;
k. A (T - t )
q ^ 2 = -------1----? (3.49)
For the system described in Figure 3.16 the energy transfer from each 
of the four nodes to the centre node m,n are:-
k. „ v[e . r_ .' Az 1 |T T 1
a = (m-l,n)L L j L m-l,n m,nj
(m-i,n)-*(m,n) <r - r ) ’
m,n m-l,n
k, . ■ ■ . f© . r . Azl [t , ■ ■ - T 1(m-H,n) L v J I m4-l,n m,nj .
q(nH-l,n)-*(m,n) , . ;v / (r ., - r )m+l,n m,n
k. fe (r 2 - r_2 )/2] [t - T 1
- (ni/n+1) I v L J t m,n+l m,nj
q(m,n+l)-*-(m,n) ” Az (3.52)
k, _ . fe (r 2 - r 2 )/z\ [t _ - T ]
_ (m,n-l) I v . L ■ J I m,n-l m,nj _ _.
(ra,n-l )-*-(m,n) Az *
Where r = [ V i . n  + r..nl a ,[rm,n + V l . n ]
V  ' L  '
In the above equations there sire certain assumptions which require some 
explanation. Firstly, each control volume for a nodal point is assumed 
to be isothermal and that the thermal conductivity used in the 
conduction rate equations is based upon the temperature in the control 
volume from which heat is flowing (using the convention shown in Figure 
3.16). The heat flow areas used in Eqns. 3.50 and 3.51 are 
approximations since in the radial direction the area is a function of
the radius. The area used here is the average area based on the 
midpoint between two nodes in the r-plane. The error generated by 
these assumptions with respect to the exact solution of the 
differential equation (Eq. 3.47) will be small so long as the nodal 
network employed is of sufficiently fine grid size (Patankar 1980).
The finite model used in the investigation of the heat flux meter is 
shown in Figure 3.17. It can be seen from Figure 3.17 that there are a 
considerable number of different geometries and sudden changes in the 
resistance to heat transfer that have to be considered. Each of these 
particular conditions has been evaluated and the various forms of the 
finite-difference equations are summarized in Table 3.1. The derived 
equations apply for a constant nodal spacing in the r-plane and in the 
z-plane.
The simultaneous solution of the nodal network equations was carried 
out on a Primos 750 computer using the Gauss-Seidel iterative method 
(Patankar 1980). Figure 3.18 shows the program flowsheet and the 
program listing is given in Appendix III.
3.2.5.2 Two-Dimensional Heat Flow in a Radial Disc System 
with Radiative and Convective Boundary Conditions
In order to assess the effect of adding an extra dimension to the 
analysis, comparison with the 'best* of the one-dimensional treatments 
is to be carried out. From Section 3.2.4.1, the most important effects 
to be considered cure, (a) variations of thermal conductivity with 
temperature and, (b) the convective heat transfer at the disc edge
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Table 3.1
Summary of Finite Difference Equations 
for Various Geometries and Boundary 
Conditions.
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QNETST TCALL
YES
NO
CALL PBSOLD
CALL AGSOLD
NO
YES
ARE \  
convergence 
criteria all 
satisfied
'  IS \  
the modified 
geometry 
required
STOP
READ in disc thickness
CALCULATE the 
modified disc 
geometry
CALCULATE radiant heat 
flux to disc surface
CALCULATE the 
unmodified disc 
geometry
COMPARE previous 
temperature profile 
with current profile
CALCULATE initial guess of 
temperature network 
(based on Eq. 3.30)
PRINT out temperature 
matrix for the centre 
disc and copper heat 
sink
■PBSOLD' calculates 
the temperature 
network for solder 
piece at the disc 
centre
'AGSOLD' calculated 
the temperature 
network for solder 
piece at the disc 
periphery
EVALUATE equivalent radiative 
heat transfer coefficient and 
thermal conductivity values 
for appropriate nodes
READ in boundary conditions 
Radiant heat flux 
Surface emissivity 
Cooling water temperature 
Convective h.t.c.
"QNETST" calculate initial value 
of the net radiation heat transfer 
to the disc surface using overall 
energy balance
Figure 3.18 FINITE DIFFERENCE PROGRAM FLOWSHEET
(assuming that the effects of surface convection {Figure 3.14(d)}, and 
the centre wire {Figure 3.14(e)}, are negligible). The ’best’ 
one-dimensional treatment is, from Eq. 3.31,
m m ^ R . 4r2T = T + ——  + -2—  
C 00 2hS 4kS
(cf.,3.31)
and T = T + o oo
q R
2hS
(cf.,3.29a)
where k = f(T). Expressing k as a linear function of temperature, that 
is, k = ko (1 + bT), Eq. 3.31 can be rewritten ass
AT = T - T c o
_ q R2
4S [kQ (l+b (AT/2 + Tq ))3
or.
AT rAT 1. l + b —  + T o
.2
_ q R2
4k S o
(3.54)
Substituting for T0 from Eq. (3.29a) into Eq. (3.54),
AT l + b
. 2 2Sh oo
_ qR2 
4Sko
(3.55)
The solution of Eq. 3.55 is given by.
AT = -
l + b [& * T.l] (i “  ■> &  * *j]2 * s g r(3.56)
The two-dimensional finite-difference analysis will give a thermal 
gradient across the disc thickness. In order to evaluate the 
temperature difference across the disc radius, an average temperature 
must be obtained for the disc periphery. This average temperature can 
be defined as:
Tq  = |l/(k - 1)
where T is the temperature of each node at the disc periphery and K is 
the number of nodal points. The disc centre temperature is taken at 
the centreline on the rear surface, that is, where the temperature is 
actually measured by the centre thermocouple wires.
Figure 3.19(a) shows the deviation between the one-dimensional (Eq.
3.22), and two-dimensional treatments for various disc radius to disc 
thicknesses. It can be observed that as the disc radius-to-thiCkness 
ratio becomes larger, then the deviation of the two dimensional 
analysis from the one-dimensional becomes smellier. Also at higher 
incident heat fluxes this difference again becomes less.
The effect of varying the convective coolant heat transfer coefficient 
is shown in Figure 3.19(b) and 3.19(c). As the heat transfer 
coefficient increases so does the temperature difference, (AT)2-D/ 
across the disc radius (for a constant heating rate). This is to be 
expected since
AT cc - (3.58)
k
Tx/2
k-l 
+ £ T.
i=2 3
V 2. (3.57)
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Figure 3.19 Finite Difference Analysis of Radial Disc Heat Flux Meter
As the convective heat transfer coefficient increases/ the copper-base 
temperature decreases and, at lower absolute temperatures the thermal 
conductivity of the Constantan disc is less (see Appendix IV).
Thus, from Eq. 3.58 it is to be expected that the temperature 
difference will increase as the rate of cooling increases (assuming a 
constant radiant heat flux on the disc).
3 .3 The Heat Flux Meter Ceramic Shield
To enable the conductivity type water-cooled heat flux meter to ’see' 
through 4tr steradians, its field of view must be enhanced. To achieve 
this a thin walled, hollow refractory shield was devised that will 
transmit any incident radiant energy to the shield interior. In this 
way, if the shield is spherical in nature, the radiant energy emitted 
from, say, a hot walled furnace can be 'seen' from every direction. 
Consequently if a water-cooled heat flux receiving surface is placed on 
the imaginary curved surface of the sphere, any energy absorbed and 
reradiated through the shield wall will be 'seen' by the cold receiving 
surface (see Figure 3.20).
Ceramic  Shield
s
2 -p i  Heat  F lux  Pr.
D i f f us e  S u r f a c e s
Figure 3.20
3.3.1 Principle of Operation
Consider a grey surface element of emissivity e, at a temperature T 
corresponding to a black emissive power, E( = aT4 ). A surface element 
(see Figure 3.21(a)) is part of an enclosure of unspecified character. 
The radiant flux density away from the surface through an imaginary 
surface just external to it - the leaving flux density - is composed of 
two parts, eE due to emission from the surface and R, the re- 
flected-flux density due to partial reflection of the incident flux 
density, H coming from the unspecified surroundings. If the leaving
dAt
I
dA,
(a )  ( b )
Figure 3.21
(a) Radiant Flux Densities at a Surface Element; 
(b) Two Differential surface Elements dAi and dAj 
(after Hottel & Sarofim 1967)
flux density is denoted by W, then:-
W = eE + R (3.59)
= eE + pH (3.60)
Consider an enclosure in which energy streams onto a surface element 
dAj, from the direction of the various elements dAi which it sees 
(Figure 3.21(b)). The flux density arriving from one of these is (Wi 
cos ©i cos ©j/trfi2 )dAi; and summation of all such elements gives the 
total incident flux density Hj (Hottel 1967):
H. = 
3 Ai
W.
x
cos 0. cos 0. 
3- 3
rr£z
dA.
X
(3.61)
Expression of H in terms of W and E (Eq. 3.60) gives:
W. — e. E .
3 3 3 _
Ai
W.X
COS ©. COS 0. 
3. 3
rr£2
dA.x (3.62)
Eq. 3.62 can be rewritten in the form:
W. - e. E. • raF.. i
3 3 3 _ W. 
Ai 1
33-
.3A. . 1
dA.x
(3.63)
where (9Fj±/dA± ) is the fractional view factor of each of the elements 
dAi seen by a surface element dAj.
For a spherical cavity each of the surface elements have equal views of 
all other surface elements, that is, dFji = dAi/4Trr2, independently of 
where dAi is in relation to dAj. Thus Eq. 3.63 becomes:
H. = —
W. - e . E.
3__3 _
pi
* dA. '
W.
1
• Ai 1 .47rr2.
(3.64)
Since the integral in Eq. 3.64 is independent of the position of the 
surface element dAj, the incident flux density Hj, is constant over the 
entire surface of the cavity regardless of variations in temperature
and emissivity and, consequently, regardless of whether a segment of 
the sphere is (a) black, (b) at absolute zero, or (c) missing, (Hottel 
& Sarofim 1967).
For a spherical cavity of radius r with a finite hole of curved area 
Ai, there are no radiant emissions from the hole, that is, E and W are 
both zero. Over the remaining area, 4trr2 - Ai, E and W are constant. 
Eq. 3.64 gives:
x - A
47rr2
(3.65)
or.
eEW = ----------------- (3.66)
1 - p( 1 - A1/4Trr2 )
The effective emissivity of the hole, as sensed by a narrow-angle 
receiver viewing the cavity interior, is W/E or
e = — ------—     (3.67)
1 1 - p(l - C) 1 + C(l/€ - 1)narrow
beam
where C = Ai/4rrr2. The effective emissivity as sensed by a
2Tr-steradian receiver placed on the imaginary curved surface of the
hole and facing the interior is H/E or, from Eq. 3.64, W/Ep - e/p, or
= (3.68)
eff, 2 n  „ , „ , v1- .. 1 — p( 1 — C) p 1 + C(l/€ — 1 )collection *
From Eq. 3.68, as C tends to zero and the cavity surface emissivity 
increases, so the effective emissivity approaches unity.
3.3.2 Ceramic Shield Fabrication
As for the water-cooled probe, if the shield is to perform correctly, a
number of criteria must be considered which can affect its performance.
(i) Since the shield will be operating at furnace temperatures it 
must be fabricated from a refractory material which possesses 
good mechanical strength at temperature. Additionally, due to 
the fast response time of flames to changes in the air or fuel 
rate, the shield must be capable of withstanding steep 
temperature/time gradients.
(ii) To prevent the ingress of furnace atmospheres, the shield must be 
impervious. Furnace atmospheres are not desirable inside the 
shield since the presence of water vapour and other condensibles 
could foul the heat meter surface resulting in possible changes 
in the signal output.
(iii) The choice of refractory materials that could possibly be 
considered for such an application is further limited by the 
constraints of corrosion. Fossil fuel combustion can generate 
both reducing and oxidising atmospheres. In each process there 
are many reactions occurring simultaneously (Gaydon 1974) which, 
when considered with the high temperatures involved, will 
generate highly corrosive atmospheres.
(iv) In order to be able to describe the radiant exchanges in the 
probe assembly, the surface characteristics must be known. The 
best possible surface would be one which is a perfect emitter (e 
=1). This would maximise the radiative heat transfer
coefficient to the shield and thereby optimise the response time. 
The radiative heat transfer coefficient can be written in the 
form (Incropera 1981):
hr = € 0-(Ti2 + T22 )(Ti + T2 ) (3.69)
From Eq. 3.69, it can be seen that increasing the surface 
emissivity increases the radiant heat transfer and, from Eq.
3.70, this will result in a quicker response to thermal 
perturbations (all other parameters being equal).
(v) Apart from maximising the emissive characteristics of the shield 
surfaces, consideration must also be given to other parameters 
which can affect the time response. Eq. 3.70 (McAdams 1942) 
describes the theoretical time response for a body:
■ _ thermal capacitance of sensor 
resistance to heat transfer
= (3 .70)
hA
Probably the most important parameter to be considered is the 
ratio of mass to surface area (pV/A), The optimum configuration 
for a spherical receiver would be a thin-walled, large diameter 
sphere.
The choice of materials of manufacture and the method of fabrication of 
the spherical shape limits the range of refractory materials 
considerably. Initially it was thought that a refractory metal could 
be used. However the majority of these suffer from severe corrosion 
problems; usually in oxidising atmospheres (Jaffee 1966). Apart from
this the cost of the raw materials coupled with the highly specialised 
machining required (most suitable refractory metals are very brittle up 
to about 300°C (Sully and Brandes 1967)), meant that an alternative 
solution was necessary. Consideration was given to the possible use of 
refractory metal oxides. Materials such as aluminium, magnesium and 
zirconium oxides offered a much more attractive solution. These 
compounds are both highly refractory and virtually inert to all 
combustion chamber atmospheres. They can also be cast by relatively 
simple procedures into many complex geometries and, when fired can be 
impervious to gases.
The result of a series of discussions with various ceramics manufactur­
ing companies led to the conclusion that the use of slip casting 
techniques would probably offer the best solution in the time 
available. A design for a spherical ended, thin-walled ceramic shield 
was put forward to Smiths’ Industries (Ceramics Division), of Rugby.
The shield consists of a hollow tube 35 mm in diameter and 400 mm long 
with a hollow sphere 70 mm in diameter one end, with the other end left 
open (see Figure 3.22). The size of the sphere was limited to 70 mm 
since this was the maximum size that could be used with the existing 
sample ports on the gas furnace. The minimum wall thickness that was 
quoted by the manufacturers was 2.5 mm. This was thought to be 
sufficiently small to avoid the possibility of cracking due to thermal 
stresses. The materials of construction are a fine-grained ceramic mix 
consisting of 95% alumina and 5% clay binder. The clay additive is 
used to give the unfired cast shape a higher degree of mechanical 
strength so as to prevent shape distortion before and during the firing 
process.
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Figure 3.22
A slip casting procedure was used to fabricate the shields, using a 
plaster of Paris mould. Initial tests showed that the final wall 
thickness of castings varied considerably. It was found that while the 
outer shape was perfectly formed, the interior of the shield was not 
dimensionally consistent. This was especially so around the junction 
of the tube and the spherical section, where the wall thickness was as 
much as 8 mm. In order to overcome this problem an internal mandrel 
was used to ensure a uniform wall thickness. These were initially made 
from a paraffin wax of such dimensions that, when fixed in the plaster 
mould, an annular space was created in the shape of the desired object. 
The ceramic ’slip’ was then poured into the mould assembly and then 
left to allow the moisture from the ceramic slurry to be absorbed by 
the dry plaster. The ceramic shape was then removed from the plaster 
mould, together with the wax former, and allowed to dry fully before 
being fired. The firing process would remove the wax mandrel during 
the early stages of heating. It was found, however, that the final 
drying process produced a shrinkage in the castings that resulted in 
them developing cracks. In order to allow the cast shapes to shrink 
without being prevented from doing so by the solid wax mandrels, 
polystyrene formers were used instead. The problem with the wax was 
that it could not be melted out until the casting was fully dry 
(heating the casting whilst still hydrated would also cause cracking).
The use of expanded polystyrene meant that the mandrel could be removed 
from the cast before it was dry by dissolving the polystyrene in an 
appropriate solvent. This technique was successful in producing 
dimensionally consistent shields. Altogether eight shields were 
produced by this method and were fired in a gas-fired kiln to a 
temperature of 1500°C. The finished shields were then tested
ultrasonically for cracks, and of these, only one was found to be 
defective. The firing process produced a slight eccentricity in the 
diameter of the tubes but this was thought not to be a problem.
The emissive characteristics of the shield material (see Appendix V) 
are very similar to that of pure alumina (Smiths' Industries 1983). To 
obtain a surface finish approaching black body characteristics, a 
commercially available ceramic coating was applied to the external 
surface of two of the shields. After curing, the coating was reported 
to have an emissivity of 0.97 at 900°C and 0.99 at 1500°c (C.R.C.
1982). A coated and uncoated shield are shown in Plate 3.3. The 
effective emissivity as seen by a 2Tr-steradian receiver positioned on 
the imaginary curved surface of the shield sphere, and facing the 
interior of the sphere is given in Appendix V. This is based on 
Equation 3.68.
Plate 3.1 (A) Probe 1/HFM1 ; (B) Probe 2/HFM3(A)
(C) Probe 3/HFM3(B)
(A) HFM1
(B) HFM3 (A) 
(coated)
(B')HFM3(A)
(uncoated)
(C) HFM3(B) 
(coated)
Plate 3.2 Sensor Head Assemblies

Plate 3.3 Ceramic Shield Assembly
(D) Uncoated ; '(E) Coated
Plate 3.4 Spherical Heat Flux Meter
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4. CALIBRATION OF THE HEAT FLUX METER
4.1 Description of Apparatus
4.1.1 Calibration Furnaces
Initial tests on the performance of the heat flux probes were carried 
out in two different electric muffle furnaces. Two furnaces were used 
because each offered a different radiant heat flux configuration; the 
first was an embedded heating element type and the second used exposed 
elements. This meant that any assumptions used in calculating the 
radiant field in one furnace could be cross checked with those employed 
for the other.
The first electric muffle furnace used was a Carbolite type/ the 
chamber of which consisted of a parallelpiped cavity lined with a high 
temperature insulating brick. This is housed in a Sindanyo lining with 
a Vermiculite filled gap between the outer casing and the inner 
chamber. The heating element for the furnace consists of a Kanthal 
(Type A) wire spiral wound around the outer surface of the insulating 
brick and embedded in refractory cement. Access to the internal 
chamber is via a cantilevered door situated on one of the smaller 
vertical surfaces. The furnace environment is controlled with a 
Eurotherm controller utilising a proportional feedback control loop.
The controller uses the output from a sheathed Chrome1/Alumel 
thermocouple situated in the rear of the furnace chamber. The 
controller was found to be capable of controlling the furnace 
environment to ±l°C at temperatures up to 1070°C. The inner wall 
temperatures of the chamber were monitored using six type R 
thermocouples made of 0.20 mm diameter wire. These thermocouples were
initially calibrated against an NPL standard type R thermocouple, in a 
tubular calibration furnace. Each thermocouple was attached to the 
centre point (or very close to) of each of the six walls, the 
thermocouple bead being buried just under the surface and held in place 
with a thin coating of refractory cement. Knowledge of the muffle 
furnace inner wall temperatures is required in order to evaluate the 
radiation field in which the probe assembly is immersed (see Appendix 
VII).
In order to allow the insertion of the meter into, and out of the 
furnace it was necessary to replace the door of the furnace by an 
H.T.I. refractory brick so shaped as to meet this requirement. The 
insulated thermocouple wires were taken out around the sides of this 
brick. The furnace was instrumented as shown in Figure 4.1. The 
cooling water supply and return lines to the heat flux probe consisted 
of two reinforced P.V.C. hoses. The coolant supply was taken from the 
mains, utilising the mains pressure only (Figure 4.1).
The second furnace used consisted of a parallelpiped inner chamber 
capable of operating up to 1600°C. This furnace, manufactured by 
Scientific and Educational Aids (SEA) Ltd. utilises eight silicon 
carbide heating elements situated along the two side vertical walls.
The inner chamber lining is made from a low density castable ceramic 
fibre compound. This lining, manufactured by ICI Ltd. and marketed 
under the trade name ’Saffil' possesses a very low thermal mass which 
means that the furnace is capable of very rapid thermal cycling (under 
no load conditions the furnace is capable of attaining a temperature of 
1500°c in 10 minutes.
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The cantilevered door situated at the front of the furnace was again 
replaced with a suitably shaped H.T.I. refractory brick to allow access 
for the probe. The chamber wall temperatures were monitored with type 
R thermocouples from the same batch as used on the Carbolite furnace. 
Seven thermocouples were used, that is, one on each of the walls and 
one, which was sheathed, was attached to one of the exposed heating 
elements.
The SEA furnace was instrumented in a similar fashion to the Carbolite 
furnace. The cooling water flowrate was again monitored using a 
turbine meter as shown in Figure 4.1.
4.1.2 Process Variable Monitoring
All measurements taken during the calibration procedures were monitored 
using a Solartron, Orion Delta 3530, Data Logging System (DLS); 
(Solartron Elect. 1984).
Data reduction facilities available on the DLS included:
Y = mx + c (4*1)
Y = ax3 + bx2 + cx + d (4.2)
Y = ax“l (4.3)
Y = a + b ✓(cx + d) (4.4)
Where,
Y = DLS output
x = input to DLS
a, b, c, d, m = constants
If x is the mean value of a variable x, the standard deviation for a 
set of inputs of n readings was processed such that;
n 0.5
£ (x - x) (4.5)
1
Forty analogue input channels were available (expandable to 200) to 
which the input signals were essentially voltages. Transducers with 
output signals of 4 mA to 20 mA and those with 10 mA to 50 mA had to be 
shunted by linear shunt resistances of 100 ohms to obtain a signal 
conversion to voltage.
Compensation for ambient and other references for temperature 
measurement were available as part of the DLS software, for all the 
well known thermocouple types.
Data storage was via a magnetic tape cartridge which after each run 
could be offloaded to the University Mainframe (Prime 750) System for 
further data analysis and processing.
4.2 Steady State Calibration of the Heat Flux Protoe
In order to prove the heat flux meter over the necessary range of 
radiant flux densities, a series of calibration studies are undertaken. 
Prior to this, the various probe assemblies were tested up to 1450°C to 
check each one's integrity and to stabilize their surface
standard deviation, a =
n - 1.
characteristics. Each of the probe assemblies were subjected to a 
radiant heat flux in excess of 450 kW/m2 for a period of four days. The 
signal output from each probe was monitored during this time. It was 
found that after a few hours the readings from each probe stabilized.
4.2.1 Derivation of an Empirical Correlation Describing the Convective 
Heat Transfer in an Annular Tube Assembly
Despite the fact that the first heat flux meter (Section 3.2.1) proved 
to be unusable for heat flux measurements, it was however possible to 
utilize the working thermocouples to establish an empirical correlation 
for convective heat transfer. The important surface to be considered 
here is that at the end of the water-cooled arm (see Figure 4.2). From
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Figure 4.2 Heat Transfer Surface of Interest
Section 3.2.5.2, the magnitude of the convective heat transfer 
coefficient is important since it has considerable influence on the 
output from a radial disc heat flux meter of the type used here.
The convective heat transfer for flow in an annulus has been 
investigated by a number of workers (Chen et al 1946; Jakob and Rees 
1941; Monrad and Pelton 1942; Davis 1943; and Carpenter et al 1946). 
MOnrad and Pelton (1942) performed experiments with air and water in 
turbulent flow through the annular space of coaxial tubes. Using an
equivalent diameter, De = &2 ~ D1 as the characteristic length, the 
following empirical equation was obtained in the range of Re = 12,000 
to 220,000:
h De _ i .
1 0.8 
Nu = ----   = 0.020 (Re) (Pr) °21
. 1 .
0.53
(4.6)
where hi is the coefficient of heat transfer at the inner surface of 
the annulus.
Davis (1943) represented the experimental results of different 
investigators in the following form:
h D
Nu = ----- = 0.038
[D_ V 1 1 m
0 . 8
V V 3
0.14
v  . .a. •*V ■D,
0.15
(4.7)
where jjl± is taken at the temperature of surface 1, whereas the other 
properties are taken at the arithmetic mean temperature, Ta :
T = a
T + 0.5(T T - Trtrim) 
1 IN OUT (4.8)
In general Eq. 4.7 has been proved to be roughly valid for turbulent 
flow (Jakob 1949), when
v D •
7 < — --  < 180,000 (4.9)
and, at the same time,
1.2 —  « 6,800 (4.10)
Carpenter et al (1946), using water flowing through an annulus with Di 
= s/8 in and D2 =0.834 in (D2/D1 = 1.334), observed values between 
those of Monrad and Pelton (1942), and of Davis (1943), in a range from 
Re = 2,000 to 16,000.
For heating from outside, Davis (1943) recommends the following 
formula:
h2 De
= 0.0225
fv De] m
0.8
V V 3
0.14
v .oc. ■D,.
- 0.1
(4.11)
The last eaqponent in Eq. 4.11 is estimated only (Jakob 1949), and may 
be some value between -0.05 and -0.15. The fluid properties are taken 
at the arithmetic mean temperature Ta, except ^2 which is taken at the 
temperature of annular surface 2.
Due to the nature of the flow pattern with respect to the heat transfer 
surface in question (sec Figure 4.2), it. is thought that the previously 
mentioned convective correlations may not be applicable. The flow 
pattern over surface Ap (Figure 4.2) would suggest a system very 
similar to a stagnation point problem. Van Driest (Lin 1959) makes the 
following recommendations for calculation of the stagnation point heat 
flux on blunt bodies:
Cylinders: Nu = 1.14 (Re y ^ z (Pr)0'4
Spheres: Nu = 1.32 (Re)1^2 (Pr)0'4
(4.12a)
(4.12b)
where Eqns. 4.12a and 4.12b axe valid for incompressible flow, and for 
fluid properties evaluated at the mean film temperature, and the 
Reynolds number based on the free stream velocity.
For a cylinder in cross flow, the heat transfer process at the front of 
the cylinder (i.e., on the axis), is described by Isachenko et al 
(1980) as:
Nu = 1.04 Re_°*5 Pr1/3 (4.13)d
where the Reynolds nuiriber is based on the free stream velocity and is 
applicable for Re < 2 x 105. Eq. 4.13 has been quite well corroborated 
by tests with air (Isachenko et al 1980).
For a flat section with a fluid impinging upon its surface in a 
perpendicular fashion, Reiher and Hilpert (Jakob 1949) suggested the 
following equation:
N U  = 0.205 (Re)0.731 (4.14)
where the diameter of a circular tube of equal exposed surface is used
as the characteristic length. Eq. 4.14 is based on air as the working 
fluid. For liquids, Ulsamer (Jakob 1949) described the heat transfer 
for forced convection perpendicular to cylinders as:
NU = 0.61 (Re)0.50 (pr )0.31 (4.15)
for the range,
50 < Re 10,000 (4.16)
Sparrow and Geiger (1985) performed a series of wind tunnel experiments 
to determine both the average heat transfer coefficient and the radial 
distribution of the local heat transfer coefficient for a circular disc
facing a uniform oncoming flow. The experiments covered the range of 
Reynolds numbers, Re from 5000 to 50,000 and were performed using the 
naphthalene sublimation technique. Sparrow and Geiger (1985) measured 
the average Nusselt numbers, finding a significant disparity between 
information from the literature and the experimentally determined 
correlation:
- I/o 0.36
Nu = 1.05 (Re) /z (Pr) (4.17)
The nature of the heat transfer problem pertaining to the heat flux 
cooling water probe is still substantially different to the particular 
geometries extracted from the literature. In particular, the flow is 
contained within a tube and undergoes flow reversal at the heat 
transfer surface in question (that is, area Ap in Figure 4.2)
The ejqperimental set-up used for this investigation is shown in Figure 
4.3. A thin-walled ceramic sphere is situated in the Carbolite 
(1000°C) electric muffle furnace. The temperature of the sphere is 
monitored by three Type R thermocouples in contact with the outer 
surface. A water-cooled annulus is placed at the entrance to the 
ceramic sphere and the heat flux probe head is positioned along the 
imaginary curved surface of the sphere internal surface. The 
water-cooled annulus ensures that there is no heat trainsfer to the 
curved surfaces of the heat flux probe head, thereby ensuring only 
one-dimensional heat flow from the plane receiving surface to the 
cooling water. Of the three thermocouples mounted in the conductivity 
piece only the one nearest the cooled surface does not suffer from 
short circuiting (see Section 3.2.1). On a tentative basis this 
thermocouple cam be utilised to measure the temperature gradient down
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h-
O
O
C l
H-
>-
a:
o n
t—
c n
c l
X
Q.
the copper conductivity piece and, along with the thermocouple mounted 
in the cooling water at the probe head, the heat transfer coefficient 
can be evaluated. A number of conditions are investigated:
(i) Reynolds number range of 760 < Re < 21,500 (based on the velocity 
of the cooling water in the inlet tube).
(ii) Radiant heat flux range of 53 kw/m2 < q < 140 kW/m2.
The physical properties are all based on the cooling water bulk 
temperature except for the viscosity term which is based at the 
arithmetic mean film temperature.
The viscosity term is calculated at the mean film temperature since 
this exerts an important effect on the heat transfer process (Coulson 
and Richardson 1977).
A summary of the results is given in Table 4.1. A plot of logio(Re) 
versus logio(Nu/PrV3) is given in Figure 4.4. Since the range of 
temperatures investigated did not result in a wide variation in the 
Prandtl number, an index value of 0.33 was chosen since this is an 
often quoted figure for forced convection in tubes with water as the 
working fluid. From Figure 4.4 an empirical correlation is derived of 
the form:
T
T + T
s <c/w(Bulk) 
2
(4.18)f
NU = 1.045 (Re)0.4 (Pr)V 3 (4.19)
Table 4.1* Heat Transfer Results for Turning Flow in an Annular Tube
T'cple
3
(°C)
C/W
temp
(°C)
C/W 
Flow 
(m3/s) 
(X105)
Ceramic 
Ball 
Av Temp 
(°C)
Net Radn 
Transfer 
to Probe 
(W/m2)
Heat 
Transfer 
coeff 
(W/m2K )
Pr Re NU
RUN 1
27.19 10.44 13.008 991.02 136059 10521.9 9.31 21461.8 124.9
26.80 10.27 13.063 988.74 135081 10579.5 9.36 21403.6 125.7
31.88 11.11 6.145 979.60 131207 7665.7 9.12 10926.9 90.3
32.16 10.66 6.247 993.10 136954 7743.6 9.25 11059.4 91.3
39.53 11.98 3.223 1013.90 146178 6225.9 8.88 6819.7 72.6
37.73 11.75 3.249 979.91 131336 5883.6 8.94 6.65.8 68.8
41.58 12.51 1.584 989.95 135598 5360.9 8.73 3252.7 62.3
42.12 12.58 1.518 992.12 136533 5304.8 8.71 3228.9 61.6
48.61 13.54 0.816 988.15 134828 4305.5 8.46 1837.7 49.6
47.85 13.64 0.822 987.16 134402 4446.4 8.37 1848.5 51.2
56.75 14.97 0.469 987.70 134636 3540.2 8.09 1243.8 40.3
57.88 15.07 0.435 995.94 138190 3546.8 8.06 1255.9 40.3
RUN 2
21.07 9.42 12.946 854.88 86248.6 9326.0 9.61 19736.4 111.6
20.98 9.46 13.029 854.65 86181.1 9212.3 9.56 18515.9 109.2
24.41 9.99 6.320 854.96 86275.0 7179.2 9.44 10214.9 85.4
24.94 9.95 6.245 854.75 86209.3 6847.9 9.46 10118.5 81.4
29.20 10.45 3.031 854.91 86258.6 5276.5 9.31 5240.4 62.4
29.70 10.47 3.035 854.99 86285.1 5127.7 9.30 5328.8 60.6
33.38 11.76 1.571 855.22 86353.5 4494.0 8.94 2923.1 52.7
32.74 11.13 1.509 855.03 86295.1 4492.9 9.12 2761.8 52.8
40.24 13.07 0.798 854.76 86212.1 3480.6 8.58 1647.0 40.4
39.15 12.49 0.795 854.99 86282.8 3557.0 8.74 1607.7 41.4
47.51 14.37 0.397 854.61 86168.3 2803.1 8.24 901.8 32.2
45.11 13.72 0.491 854.45 86188.2 2970.4 8.41 1081.6 34.3
RUN 3
17.01 9.75 13.110 725.45 52967.3 8879.7 9.57 19174.5 106.7
16.84 9.43 13.081 725.53 52984.3 8928.2 9.61 19049.9 107.3
19.42 9.90 6.622 725.98 53080.3 6600.5 9.47 10061.0 79.0
19.55 9.80 6.225 725.55 52990.0 6404.1 9.50 9462.6 76.6
21.96 10.19 3.198 725.70 53021.7 5151.0 9.39 5052.7 61.4
22.16 10.35 3.152 725.96 53011.2 5137.2 9.34 5005.5 61.2
.24.87 11.30 1.626 726.13 53112.8 4392.8 9.07 2715.2 52.1
24.78 11.15 1.569 725.87 53056.7 4365.9 9.11 2611.2 51.8
29.15 12.13 0.802 726.33 53155.8 3420.6 8.84 1435.0 40.3
29.63 12.74 0.802 726.22 53131.9 3447.8 8.67 1456.0 40.5
34.31 12.88 0.396 725.64 53007.6 2656.5 8.63 764.8 31.1
35.07 13.56 0.396 726.22 53132.8 2652.6 8.45 799.9 31.0
* - see Appendix VI for calculations
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Figure 4.4 EMPIRICAL CORRELATION FOR TURNING FLOW IN ANNULI
Equation 4.19 is derived from a range of cooling water temperatures 
from 9.4°C to 15.1°C. The correlation coefficient for the spread of 
data in Figure 4.4 is 0.971. Hence a good fit has been obtained for an 
empirical equation that compares well with those quoted in the 
literature, for flow perpendicular to a surface. However, due to the 
fact that only one of the thermocouples in the copper conductivity 
piece could be utilised, the correlation obtained (Eq. 4.19) must be 
regarded with some caution.
4.2.2 Initial Calibration of a Radial Disc Heat Flow Meter
The first radial disc heat flux meter, HFM3(A), was calibrated in the 
1000®C electric muffle furnace. The variables investigated consisted 
of, (i) the cooling water flowrate, (ii) the radiant flux density, and
(iii) the depth of probe insertion into the radiant field.
The first investigation was into the effect of the rate of cooling of 
the probe. The tests consisted of positioning the probe assembly in 
the muffle furnace in an identical fashion to that shown in Figure 4.3. 
Then, at various muffle furnace settings the cooling water flowrate was 
changed. The result of this was to show that as the heat flux disc 
average temperature changes, then so does the disc temperature 
difference for a given heat flux. The results of this are shown in 
Figure 4.5 and show the same trend as predicted from theory, (cf., 
Figure 3.19(c)).
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The second series of tests were to establish the relationship between 
the heat flux as indicated from the heat flux disc temperature 
difference and the heat flux as calculated from the radiant field in 
which the heat flux meter is in. The heat flux as indicated from the 
disc temperature difference can be expressed from Eq. 3.54 as.
In Eq. 4.21 there are a number of implicit assumptions. These are,
(i) the reradiation from the disc surface is negligible, that is, 
Tr4 >> Td4. This is valid for this particular system.
(ii) the emissivity of the disc surface, <=d is used. For a system 
consisting of two surface, A3, and A2 between which there is 
radiant heat exchange, the emissivity of surface 1 with 
respect to surface 2 is given by (Hottel 1967),
4 k S 
o AT 1 + b —  + T o
(4.20)
and for the heat flux incident upon the surface of the disc
(4.21)
1 (4.22)€
1_ . Ai 
€i A2 _
Eq. 4.22 is valid for air-filled systems, that is, where
there axe no gases present that can absorb thermal radiation
For the case where Ai < < A2
« = ei (4.23)
that is, when the enclosure is large its emissivity is 
immaterial. This condition is satisfied for this particular 
case since the muffle furnace internal surface area is much 
larger than the probe surface area (from this point on, use 
of the water-cooled annular shield and the ceramic sphere 
(Figure 4.3), is discontinued). Thus Eq. 4.21 is valid. With 
the high absorption coating on the exposed surface of the 
radial disc heat flux meter, the emissivity can be taken as 
0.97 (Hycote 1985).
is still used. From Section 3.2.5.2, Eq. 4.20 can be expected to 
produce an indicated heat flux that is different to what is actually 
present. Consequently a comparison of the indicated heat flux to the 
actual heat flux (Appendix VII), will yield the relationship between 
the two. This comparison is shown in Figure 4.6 and obtained from the 
calibration results given in Table 4.2. The indicated heat flux is 
given by,
Considering again Eq. 4.20, the assumption of one-dimensional heat flow
1 4 k  s ' fAT , m 1 + b —  + T o
o (4.24)
%
e .D
and the actual heat flux by
4 (4.25)
From Figure 4.6 it can be seen that there is a linear relationship 
between the indicated and actual radiant heat flux. Thus for HFM3(A), 
the actual radiant heat flux can be expressed as:
Table 4.2 Calibration Results (Averages) for HFM3(A)
Cooling
Water
Flowrate
(m3/s)
(xioS)
Disc 
Peripheral 
Temp, T0 
(°C)
Disc 
Centre 
Temp, Tc 
(°C)
(TC -To)
(°C)
<3D
[Eq.4.24] 
( KW/m2 )
AV M/F 
Temp 
(°C)
qR
[Eq.4.25]
(KW/m2)
RUN 1
8.714 
8.668 
8.670 
8.447 
8.616
22.86
25.26
26.07
25.99
25.65
67.30
68.14 
67.57 
66.28
63.15
44.44
42.88
41.50 
40.29
37.50
147.03 
142.31 
137.76 
133.57 
123.91
1009.1 
1010.3
1002.1 
988.1 
968.8
153.18
153.76
149.89
143.41
134.85
RUN 2
8.425
8.578
8.550
8.594
8.869
25.11
24.83
22.09
22.09 
24.68
54.79
53.75
50.63
50.43
52.25
29.68
28.92
28.54
28.34
27.57
97.24
94.63
92.85
92.19
90.07
886.2
887.9
881.9 
877.5 
826.1
102.38 
102.96 
100.88 
99.35 
96 . 26
RUN 3
8.972 
8.890 
8.840 
8.902 
8.893
18.36 
19.55 
19.59 
19.58 
19.45
36.56
37.02
36.80
36.53
35.71
18.20
17.47
17.21
16.95
16.26
58.19
55.95
55.10
54.26
52.00
737.3
737.6
737.0
731.5
723.6
59.07 
59.14 
59.00 
57.74 
55.92
RUN 4
8.563 
8.552 
8.411 
8.415 
8.261
15.39
16.56
16.59
16.45
16.36
25.14
26.38
26.37
25.85
25.20
9.75 
9.82 
9.78 
9.40 
8.84
30.73 
31.03 
30.90 
29.68 
27.89
597.5
600.5
594.6 
580.2 
579.0
32.56 
33.01 
32.11 
30.05 
29.87
* - see Appendix VII
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Figure 4.6 CALIBRATION OF HFM3(A)
where C is the calibration constant which, from Figure 4.6, has the 
value 1.08 in the range,
27 kw/m2 < qR < 154 KW/m2 (4.27a)
or 560°C < T < 1010°C (4.27b)
BxaCK
Body, eq.
During the steady state calibration of HFM3(A) the water seals were 
gradually being eroded, resulting in the probe leaking. For reasons 
explained in Section 3.2.3 the entire probe assembly was replaced with a 
new design which was to become the working instrument.
4.2.3 Calibration of the Final Water-Cooled Heat Flow Meter
The initial investigation using HFM3(B) was to evaluate the effect of 
the cooling water flowrate on the disc temperature difference. This was 
carried out in the Carbolite 1000°C muffle furnace, where the probe head 
could ’see’ the furnace interior walls. For a given furnace setting the 
cooling water flow was altered over a range of flowrates; at each one 
the process data was recorded on the data logger. The results of this 
particular test are summarized in Table 4.3: Figure 4.7 shows the 
Constantan disc differential temperature variation with cooling water 
flowrate for given furnace settings. The variation of the disc 
temperature difference shown in Figure 4.7 is greater than that in 
Figure 4.5. This is because the cooling water flow tests on HFM3(A) , 
were carried out using a water-cooled shield, whereas one was not used 
here. The greater difference shown in Figure 4.7 is due to the cooling 
water temperature at the probe tip being affected by the furnace 
temperature, since the probe walls can 'see' the hot environment. As a
Table 4.3 Investigation into the Effect of Varying 
Cooling Water Flowrate At Various 
Radiant Fluxes
Cooling 
Water 
Flowrate 
(m3/s )
(xioS)
Disc 
Peripheral 
Temp, T0 
(°C)
Disc 
Centre 
Temp, Tc 
(°C)
(TC -To) 
<°C)
AV M/F 
Temp 
<°C)
RUN 1 - M/F Setting = 750°C
1.713
3.341
4.851
8.371
13.336
24.45 
20.47 
19.03 
17.57 
16.60
28.17
24.53
23.19
21.79
20.87
3.72
4.06
4.16
4.22
4.27
740.5
741.0
741.1
740.8
740.9
RUN 2 - M/F setting = 900°C
1.705 
3.494 
5.154 
8.625 
13.461
30.81 
25.42 
23.62 
21.33 
20.02
37.45
32.51
30.84
28.79
27.54
6.64
7.09
7.22
7.46
7 .52
882.8
883.8
883.7
883.6
882.2
RUN 3 - M/F Setting 1020°C
1.705 
3.501 
5.070 
8.565 
13.421
40.06
31.95
29.48
26.49 
24.33
50.26
42.94
40.67
37.89
35.80
10.20
10.99
11.19
11.40
11.47
1016.7
1015.8
1015.8 
1016.0 
1013.3
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Figure 4.7 VARIATION OF PROBE SIGNAL WITH C/W REYNOLDS NO.
result, as the cooling water flowrate changes, so does its temperature 
which affects the disc thermal conductivity and thus the disc 
temperature difference.
As a result of this particular effect another series of runs was carried 
out using the Carbolite furnace. These were to investigate the effects 
of cooling water flowrate on the heat flux as indicated by the heat 
meter. Table 4.4 summarizes the results from this trial and Figure 4.8 
shows the relationship between the actual heat flux present at the probe 
head (Appendix VII) and that indicated via the Constantan disc 
temperature difference (Eq. 4.24).
It is evident from Table 4.4 that, for a given heat flux, the indicated 
heat flux is not a constant, but varies according to the cooling water 
flowrate as expected. Thus, it would seem that even accounting for the 
disc thermal conductivity variations (albeit a simple linear averaging) 
the indicated flux varies by up to 13% in a constant radiant field. It 
was decided that, in order to achieve better accuracy for the instrument 
a cooling water flowrate of at least 8.333X10-5 m3/s, should be 
maintained. From these experiments this would reduce the error to less 
them 1% for the range of cooling water flow, 8.333xl0~5 m3/s to 
1.333x10-4 m3/s.
In order to cross-check the calibration of the disc heat meter, a 
further series of runs was carried out using the CRC muffle furnace (see 
Section 4.1.1). An identical procedure was used here with the exception 
that the cooling water flowrate was now kept above 8.333X10-5 m3/s. The 
results from this series of runs are summarized in Table 4.5.
Table 4.4 Variation of Indicated Heat Flux with Cooling Water Flowrate
Cooling 
Water 
Flowrate 
(m3/s ) 
(xioS)
Disc 
Peripheral 
Temp, T0 
<°C)
Disc 
Centre 
Temp, Tc 
(°C)
(TC -To) 
(°C)
<fo
[Eq.4.24] 
(KW/m2)
AV M/F 
Temp 
(°C)
4r
[Eq.4.25] 
(KW/m2 )
RUN L - m/f setting = 600°C
1.717 21.35 23.26 1.91 12.30 590.6 31.53
3.162 18.17 20.23 2.06 13.19 591.3 31.64
8.146 15.73 17.86 2.13 13.57 590.8 31.57
13.347 14.88 17.00 2.12 13.48 591.1 31.61
RUN 2 - M/F Setting = 750°C
1.668 24.34 28.01 3.67 23.83 740.4 59.81
3.688 20.51 24.57 4.06 26.17 741.0 59.93
5.055 19.04 23.17 4.13 26.54 741.6 60.08
8.396 17.61 21.82 4.21 26.98 740.9 59.92
13.447 16.61 20.90 4.29 27.44 740.8 59.90
RUN 3 - M/F Setting = 900°C
1.667 30.81 37.41 6.60 43.52 883.1 101.27
3.688 25.40 32.50 7.10 46.35 884.4 101.75
5.055 23.62 30.87 7.25 47.17 883.7 101.51
8.572 21.33 28.81 7.48 48.46 883.5 101.43
13.330 20.05 27.57 7.52 48.60 881.9 100.86
RUN 4 - M/F Setting = 1020°C
2.020 40.27 50.52 10.25 69.08 1015.5 156.30
3.336 32.06 43.03 10.97 72.83 1016.0 156.52
5.168 29.55 40.69 11.14 73.61 1016.0 156.54
8.681 26.50 37.93 11.43 75.10 1016.5 156.79
13.302 24.34 35.83 11.49 75.18 1013.6 155.37
* - see Appendix VII
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Table 4.5 Calibration of HFM3( B )
Cooling 
Water 
Flowrate 
(m3/s) 
(xioS)
Disc 
Peripheral 
Temp, T0 
<°C)
Disc 
Centre 
Temp, Tc 
(°C)
(TC -T0 ) 
(°C)
<fo
[Eq.4.24] 
(KW/m2)
Av M/F 
Temp 
(°C)
<3R
[Eq.4.25]
(KW/m2)
RUN 1 - M/F Setting = 600°C
11.214 18.80 22.61 3.81 24.47 619.7 36.01
11.212 18.79 22.60 3.81 24.47 620.1 36.07
11.276 18.63 22.36 3.73 23.94 619.1 35.92
RUN 2 - M/F Setting = 800°C
11.346 21.13 27.96 6.83 44.20 794.4 73.61
11.367 21.45 28.25 6.80 44.03 796.0 74.05
11.426 21.51 28.24 6.73 43.58 796.6 74.21
RUN 3 - M/F Setting = 1000°C
11.313 27.21 39.69 12.48 82.19 996.8 147.39
11.340 27.25 39.66 12.41 81.73 997.0 147.51
11.167 27.24 39.64 12.40 81.67 996.5 147.28
RUN 4 - M/F Setting = 1100°C
11.182 31.39 47.68 16.29 108.56 1100.2 201.60
11.064 31.87 47.87 16.00 106.70 1098.5 200.62
10.981 32.16 48.45 16.29 108.72 1100.1 201.56
RUN 5 - M/F Setting =1200°C
11.165 35.87 56.05 20.18 136.16 1194.7 263.10
10.931 35.73 56 .26 20.53 138.53 1196.1 264.14
10.872 36.40 57.06 20.66 139.60 1200.9 267.61
RUN 6 - M/F Setting = 1300°C
11.073 41.38 66.48 25.10 171.93 1288.3 336.89
11.216 41.48 67.14 25.66 175.89 1293.2 341.21
11.150 40.95 66.39 25.44 174.17 1289.4 337.88
RUN - M/F Setting = 1400°C
11.077 48.77 79.53 30.76 214.74 1385.7 429.22
11.125 48.61 79.55 30.94 215.97 1386.3 429.85
11.224 48.65 79.64 30.99 216.34 1386.7 430.27
RUN 8 - M/F Setting = 1450°C
10.858 52.56 86.59 34.03 239.94 1437.0 484.76
11.039 52.15 86.47 34.32 241.87 1436.6 484.41
11.064 52.53 86.52 33.99 239.64 1435.7 483.33
* - see Appendix VII
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To compare the sets of experiments from both muffle furnaces, the actual 
flux (from Eq. 4.25 and Appendix VII) is plotted against the indicated 
flux (from Eq. 4.24) in Figure 4.9. For the first set of runs on the 
Carbolite furnace, only those data points obtained with a cooling water 
flow of at least 8.333X10-5 m3/s are used. From Figure 4.9 the actual 
heat flux can be e^qpressed as:
where C and K are the calibration constants. From a least squares fit 
these have the values 2.012 and -7208.0 w/m2 respectively. The range of 
conditions under which this is valid are:
27 KW/m2 < q < 485 kW/m2 (4.29a)
R
or 560°C < T < 1440°C (4.29b)
B13CJC
Body, eq.
The minimum errors in indicated to actual heat flux from the data in 
Figure 4.9 are given in Figure 4.10, where the error is expressed as:
■ ■ ■ ■ [Actual Heat Flux) - [Indicated Heat Flux] „Error(%) =  --------- --- — —  --- -— ------- -------— ~ x 100 (4.30)
[Actual Heat Flux]
From Figure 4.10, a series of error ranges can be established for 
various incident heat fluxes.
For 100 kW/m2 < q < 200 kW/m2 ; ± 10% (4.31a)
and 200 kw/m2 « q «E 485 kW/m2 ; ± 5% (4.31b)
Below a heat flux of 100 kW/m2 (t black body eq. = 880°C), the error 
appears to be rather excessive for reliable measurements.
* '»)]}■
+ K (4.28)
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Figure 4.10 HFM3(B) CALIBRATION ERROR
The magnitude of the numerical constant/ C relating the indicated heat 
flux to the actual heat flux is, in this case, much larger than that for 
the initial radial disc, HFM3(A). This is to be expected since for a 
smaller R/S ratio (HFM3(B)), the error generated using the 
one-dimensional analysis is greater (see Section 3.2.5.2). However/such 
a large disparity (cf. ,1.08 for HFM3( A) and 2.012 for HFM3(B)) cannot be 
explained just by the difference in the disc radius-to-thickness ratio. 
This is considered further in Section 4.2.5.
4.2.4 Calibration of the 4Tr-Steradian Probe Assembly
The 4Tr-steradian probe assembly consists of the water-cooled heat flux 
probe and the ceramic shield. The analysis for this was carried out in 
the CRC muffle furnace (see Section 4.1.1) for the same range of 
temperatures used previously. The radiant field that the spherical 
surface of the ceramic shield is subjected to, is discussed in Appendix 
VII, together with the furnace-to-probe view factors.
In order to establish the effects of coating the shield with a high 
emissivity coating (Section 3.3.2), both coated and uncoated shields 
were used. The probe assembly was mounted in the muffle furnace in an 
identical fashion to that shown in Figure 4.1, with the spherical 
receiving surface situated, near to the centre of the furnace cavity. In 
all the experiments, the cooling water flowrate to the probe was kept
above 8.333xl0~5 m3/s .
For a shield which is situated between a hot radiating source and a cold 
sink, the emissive characteristics of both shield surfaces must be 
considered. From Figure 4.11, an energy balance on the system gives:
Figure 4.11
^net
*c0° CV  - TC4]
■" ( i .  _ 2 S a  f—  -  i l l
l€co l eW J J
A_ e D eff,2 tt
collector
a[Tc4 -  V ] (4.32)
where (Section 3.3.1),
(1  -C )
'eff,2tr , , .
1 1 J. 1 + C( 1/ 6 “ 1 )collector Cj
(4.33)
where C = 2^/CA^ + A^]
If Tc4 >> Tp4 and Aw >> Aco (which is true for the calibration system), 
Eq. 4.32 can be simplified to,
Siet ACo €C0CT V 5 eeff,2rr a TC
collector
(4.34)
Rearranging:-
W
■v-
1 +
eff,2 tt 
collector
ACo %
(4.35)
From Eq. 4.34, substituting for Tc from Eq. 4.35,
Siet
€eff,2Tr
. v_ collector 
----------
4 (4.36)
*D *4) €eff,2rr
collector
or.
q = e* a Tw^ (4.37)
Where
1 (4.38)e
1 + Ad 1
eff, 2tt 
collector
From Eq. 4.38, e' describes the emissivity of the system with respect to 
the cold receiving surface, Ap. The uncoated ceramic surface possesses 
an emissivity which is a fairly strong function of temperature (Appendix 
V), whereas the coated shield emissivity is virtually constant over the 
temperature range in question. Figure 4.12 gives the value of e' over 
the temperature range, 800K < T < 1700K, for both coated and uncoated 
shields. Due to the area factor, Ad/Aco in Eq. 4.38, the value of €’ 
for the uncoated ceramic is a much weaker function of temperature than 
€C is» Consequently, the effective emissivity, e' can be given the 
single values,
Uncoated ceramic: e ' = 0.852 [800K < T < 1700K] (4.39a)
Coated ceramic: €' = 0.900 [800K < T < 1700K] (4.39b)
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Figure 4.12 VARIATION OF £' WITH TEMP. (UNCTD 8c CTD SHIELDS)
In order to compare the probe indicated heat flux with the actual heat 
flux from the muffle furnace walls, the following equations are to be 
used,
4 k S
= 7  ( "  j1 + b [ f + To]]| (4-40)
and.
qj, = o- Tr4 (Cf.,4.25)
The steady state results for both the uncoated and coated probe 
assemblies sire summarized in Tables 4.6 and 4.7 respectively.
The relationship between the indicated to actual heat flux for both 
cases are given in Figures 4.13 and 4.14. From these the following 
equations are derived describing the actual heat flux from the probe 
signal.
q = C —  . ---^—  |AT |l + b ~  + To|J| + K (4.41)
where.
Uncoated Shield:
C = 2.063 , K = -1.526 kW/m2 (4.42a)
29 kW/m2 < q < 146 kw/m2 : actual flux = q ± 10% (4.42b)
146 kW/m2 < q < 500 kW/m2 : actual flux = q ± 5% (4.42c)
Coated Shield:
C = 2.108 , K = -15.266 kW/m2 (4.43a)
Table 4.6 Calibration of the Uncoated Heat Meter Assembly
Cooling 
Water 
Flowrate 
(m3/s) 
(xio5)
Disc 
Peripheral 
Temp, T0 
<°C)
Disc 
Centre 
Temp, Tc 
(°C)
(TC -To) 
(°C)
4d
[Eq.4.24] 
(KW/m2)
AV M/F 
Temp 
(°C)
4r
[Eq.4.25] 
(KW/m2)
run l - M/F setting = 600°c
11.029
11.081
11.093
16.68
16.68
16.66
18.80 
18.80 
18.78
2.12
2.12
2.12
15.47
15.47
15.47
572.5 
572.4 
572.8
28.98
28.96
29.02
RUN 2 - M/F Setting = 800°C
11.077
11.075
11.040
18.96 
18.99
18.96
2.3 ill 
23.81 
23.77
4.81
4.82 
4.81
35.22 
35.29
35.22
773.4 
775.2 
774.1
67.97
68.45
68.16
run 3 - m/f setting = iooo°c
10.904 
10.895
10.904
23.42 
23.57 
23.63
33.14
33.30
33.44
9.72
9.73 
9.81
72.15
72.24
72.85
995.5
999.2
1003.4
146.79 
148.55 
150.48
RUN 4 - M/F Setting = 1100°c
11.019
10.970
10.986
26.58
26.57
26.29
39.66
39.67 
39.75
13.08
13.10
13.16
98.01 
98.16 
98.62
1104.4 
1105.0
1101.5
204.09
204.45
202.38
RUN 5 - M/F Setting = 1200°C
11.001 
10.990 
11,000
30.23
30.24
30.24
47.03
47.06
47.10
16.80
16.82
16.86
127.25 
127.40 
127.71
1199.9 
1198.7 
1198.6
266.89 
265.99
265.89
RUN 6 - M/F Setting = 1300°C
11.134
11.100
11.132
34.56
34.53
34.53
55.92
55.87
55.85
21.36
21.34
21.32
163.85
163.69
163.53
1287.3
1289.2
1289.6
336.10
337.71
338.01
RUN 7 - M/F Setting = 1400°C
11.056 
11.161 
11.065
40.45 
40.41 
40.44
67.52
67.50
67.50
27.07
27.09
27.06
211.12
211.27
211.04
1384.9
1384.8
1383.7
428.41 
428.28 
427.18
RUN 8 - M/F setting = 1470°C
11.090
10.957
11.989
44.09
44.26
44.34
74.24
74.50
74.71
30.15
30.24
30.37
237.43
238.23
239.32
1441.3
1442.8
1444.6
489.68 
491,46 
493.43
* - see Appendix VII
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Table 4.7 Calibration of the Coated Heat Meter Assembly
Cooling
Water
Flowrate
(m3/s)
(xl05)
Disc 
Peripheral 
Temp, T0 
<°C)
Disc 
Centre 
Temp, Tc 
(°C)
(TC -To) 
<°C)
<3D
[Eq.4.24]
(KW/m2)
AV M/F 
Temp 
<°C)
4r
[Eq. 4.25 ] 
(KW/m2)
RUN L - M/F Setting = 600°c
11.645 17.40 20.45 3.05 21.04 579.3 29.92
11.662 17.39 20.47 3.08 21.24 579.6 29.96
11.586 17.41 20.51 3.10 21.38 579.8 29.99
11.625 17.40 20.50 3.10 21.38 580.3 30.06
RUN 2 - M/F Setting = 800°C
11.672 20.27 26.27 6.13 42.65 787.3 71.66
11.596 20.33 26.44 6.11 42.52 787.5 71.73
11.526 20.32 26.47 6.15 42.80 787.6 71.75
11.566 20.29 26.43 6.14 42.73 787.8 71.79
RUN 3 - M/F Setting = 1000°c
11.540 25.29 36.31 11.02 77.82 987.1 142.97
11.587 25.26 36.41 11.15 78.74 987.3 143.05
11.477 25.27 36.47 11.20 79.10 989.2 143.93
11.520 25.30 36.48 11.18 78.96 988.2 143.47
RUN 4 - M/F Setting = 1100°C
11.765 28.33 43.01 14.68 104.66 1086.8 193.87
11.841 28.19 42.91 14.72 104.92 1087.6 194.29
11.737 28.24 42.99 14.75 105.14 1088.1 194.61
11.699 28.36 43.05 14.69 104.73 1088.1 194.62
RUN 5 - M/F Setting = 1200°C
11.746 32.30 51.16 18.86 136.04 1185.9 256.88
11.738 32.31 51.14 18.83 135.82 1185.7 256.71
11.903 32.18 51.03 18.85 135.94 1186.0 256.89
11.887 32.15 51.02 18.87 136.08 1185.8 256.79
RUN 6 - M/F setting = I300°c
11.778 37.45 61.46 24.01 175.76 1281.2 330.86
11.626 37.83 61.88 24.05 176.19 1286.4 335.28
11.810 37.35 61.35 24.00 175.65 1280.6 330.03
11.942 37.01 61.01 24.00 175.54 1282.9 332.32
RUN - M/F Setting = 1400°C
11.499 41.38 68.70 27.32 202.11 1357.6 400.84
11.590 41.17 68.40 27.23 201.34 1356.9 400.16
11.567 41.03 68.15 27.12 200.46 1358.4 401.62
11.670 40.87 68.22 27.35 202.14 1354.7 398.03
* - see Appendix VII
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29 kW/m2 < q < 71 kW/m2 : actual flux = q ± 10%
71 kW/m2 < q < 400 kW/m2 s actual flux = q ± 5%
The error limits given above have been evaluated using Eq. 4.30.
Prom the previous analysis of the water-cooled probe (Section 4.2.3), 
there is a degree of uncertainty in calculating the radiant field at the 
lower temperatures. This could be due to the lower rate of radiant 
energy exchange between the furnace refractory walls, resulting in 
significant temperature gradients along the walls. Consequently, any 
heat flux measurements recorded below about 100 kW/ra2 should be regarded 
with a degree of caution.
4.2.5 Comparison of Results with Two Dimensional Finite Difference 
Theory
The two-dimensional finite difference model of the radial disc system
(see Section 3.2.5) accounts for thermal gradients that will exist
across a disc of finite thickness. The model accounts also for 
variations in the thermal conductivity which, are noticeable as the 
water cooling rate changes.
From the previous sections it is obvious that there is a wide 
discrepancy between the predicted heat flux (from one-dimensional 
theory), and the actual radiant energy incident on the cold disc 
surface. In an attempt to explain this difference, comparison is made 
with the two dimensional model. Figure 4.15 compares the actual disc 
temperatures with those from the model. This is done with reference to 
various cooling water flowrates, expressed as the convective heat
(4.43b)
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Figure 4.15 Comparison of Two Dimensional Theory with Experiment
transfer coefficient at the copper base/water interface. The actual 
convective heat transfer coefficient is calculated from Eq. 4.19, that 
is,
Nu = 1.045 (Re)0,4 (Pr)1/3 (4.19)
The cooling water temperature at the probe tip is obtained using a 
finite energy balance method (see Appendix VIII).This is required for 
the finite difference mathematical model.
From Figure 4.15, the temperature of the disc edge is predicted very 
well by the two-dimensional model. However, the disc centre temperature 
is significantly less in practice than the calculated temperature. 
Consequently the temperature difference across the disc is much lower 
than expected. Possible reasons for this are:-
(i) a high thermal resistance between the disc edge and the 
copper heat sink,
(ii) a much lower surface emissivity than originally thought,
(iii) the centre wire thermoelectric junction is not situated 
centrally,
(iv) there is significant heat transfer down the centre wire 
assembly, or the thermojunction is short circuiting at some 
distance from the disc rear surface.
Reason (i) can be discounted since a high thermal resistance at the disc 
periphery would result in a much higher absolute temperature at this
point, and from Figure 4.15 this is shown not to occur. The surface
characteristics of the blackened constantan disc are a possible cause of
error. A visual inspection of the disc surface after the calibration
trials showed that the area of the Constantan disc had slightly altered 
in appearance, the surface showing signs of specular reflectivity. 
However, with regard to the calibration results obtained with the 
ceramic shield in place, the emissivity of the cold receiving surface is 
irrelevant. Thus, it would seem unlikely that the value of the probe 
surface emissivity is responsible for the large error between theory and 
experiment.
The centre wire junction at the disc rear surface consists of three 
wires embedded in a small blob of solder. This was located centrally 
but, due to its finite size is in contact with a not insignificant area 
of the disc, and due to the higher thermal conductivity of the solder 
(approximately 2.3 times that of Constantan (Rose and Cooper 1977j), 
this can lead to a distortion of the temperature profile.
In order to try and quantify the discrepancies that appear to exist 
between the actual disc and the mathematical treatment applied so far, 
the finite difference model was modified. The finite difference 
approach, as pointed out by Patankar (1980), is very flexible, lending 
itself well to mathematically 'difficult* geometries. By modifying the 
disc to account for the solder piece at the disc centre and at the disc 
periphery a more realistic understanding of the temperature profiles can 
be gained.
The actual geometry of the disc is modified by the fact that during its 
construction the silver solder used to attach the disc to the copper 
block formed a ’fillet’ type junction. This, together with the centre 
solder piece produced a disc, which in cross section resembles that 
shown in Figure 4.16.
Constantan Disc
Lead / Tin S ilver Copper
BlockSolder Solder
Figure 4.16
The finite difference computer program, as described in Section 3.2.5 is 
modified to include the additional nodal network. The actual disc 
geometry is approximated by the use of a rectangular grid in the regions 
of the solder pieces. The grid network used is shown in Figure 4.17.
An analysis of the disc temperatures using the modified finite 
difference program shows that the significant discrepancy between theory 
and experiment is not due to the modified disc geometry. In fact, as 
can be seen from the example in Figure 4.18, the effect due to the 
centre solder piece is negligible, while the disc peripheral solder 
joint has only a small effect on the temperature that would be indicated 
at the disc edge thermoelectric junction.
From the above analysis, it would seem that the only feasible 
explanation for the discrepancy between theory and experiment is that 
the centre wire assembly is indicating a much lower temperature than it 
should. There are two possible conditions which could cause this 
problem to arise. The first is that the centre thermoelectric junction 
is not giving the output expected of a copper/Constantan thermocouple. 
The other is that there is substantial conduction of heat down the 
centre wire assembly. Of these, the first possibility can be discounted
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since the heat flux meter assembly was calibrated in a constant 
temperature bath and found to require only minor correction for a 
copper/Constantan thermocouple output (see Appendix IX). The probable 
cause for the low output from the Constantan disc centre, is a thermal 
short circuit, caused by the centre wire assembly being in close contact 
with some part of the cooling water probe. It is thought that, during 
the final assembly procedure where the heat flux meter assembly was 
soldered to the water-cooled probe, the solder has formed a heat sink 
for the wires (see Figure 4.19).
Silicone Rubber
Soft Solder Heat 
Sink for Wires
Figure 4.19
4.3 Transient Analysis of the Heat Flux Protoe
Thermal systems undergoing transient behaviour, exhibit a phenomena 
known as thermal capacitance in addition to thermal resistance, which is 
commonly encountered in the steady state heat transfer equation 
characterised by Fourier,
q = - k V T  = - k
ax ay 3 Z .
(4.44)
Thermal capacitance and thermal resistance are characteristics 
associated with bodies that are distributed in space. As a consequence 
of this, the degree of complexity of the exact solutions describing the 
transient behaviour in systems characterized even by one-dimensional 
heat flow, can be high. This is especially true where the system 
boundary conditions are complex.
The transient behaviour of a thin circular disc with radial heat flow 
(with constant surface heat flux), is described by Cars law and Jaeger 
(1959). Carslaw and Jaeger (1959) give two solutions, one with the 
constant temperature boundary conditions (r = R),
q (R2 — ^2 \ 2q °° —ocXn2t ^O  ^ ^
T(t) - £ e n --   (4.45)
4Sk RSk n=l ^n3 Jl C^nR)
for t > 0, where An are the positive roots of J0(AR) = 0; and the other 
with convective heat transfer at r = R,
q r2
T(t) =
4Sk
1 - £? + 2* 
R2 Rh
JQ (*nr )
2hq ® e-ocAn2t 
Rk2 n=l
*n2t(h/)c)2 + An2! Jo(AnR) (*•«)
for t > 0, where the An are the positive roots of AJi(AR) = (h/k)
Jo(^R)* Both Equations 4.45 and 4.46 will describe the transient and 
steady state (t oo) behaviour of the disc system under the prescribed 
boundary conditions. However, for the real system where the disc is ’in 
series and parallel’ with a relatively large thermal mass (that is, the 
copper block), the transient behaviour will be modified considerably, in 
order to account for this and without recourse to rather complex 
solutions, use can be made of what is termed the lumped analysis.
This technique characterizes the system such that the thermal resistance 
and capacitance of each component of the system is assigned a single 
value. The result of this is a much simplified analysis that can yield 
solutions that approximate very closely to the real system. The lumped 
analysis is based upon an analysis of the system energy balances.
4.3.1 The Transient Response of the Water Cooled Heat Flux Probe
T(jj j  h j j
r C o n s ta n ta n  
Disc
rL
C o p p e r  Block
Ta> j h<x>
C o o l in g  
W a t e r
Figure 4.20
In dealing with the lumped analysis, the thermal resistance, Rt and 
thermal capacitance, Ct are usually defined as,
Thermal Resistance:-
where h is the system heat tramsfer coefficient with units of 
watts/squaxe metre Kelvin, and A is the area available for heat 
tramsferj
Thermal Capacitance:-
Ct = m.c (4.48)
where m and c are the mams and specific heat capacity of the body 
respectively.
The thermal analysis of the water-cooled heat flux meter (Figure 4.20) 
cam be considered as four separate processes, that is, a) the radiant 
heat transfer to the disc, and b) the cooling water heat sink at the 
rear of the meter, both of which represent only a resistance to heat 
tramsfer; and c) the Constantan disc, and d) the copper block, both of 
which possess a resistance and a thermal capacitance. Due to the nature 
of the system, the rate at which radiant heat is supplied to the meter 
will not affect its response time. The reason for this is that heat can 
be removed from the probe head assembly at a much greater rate than heat 
is supplied to it. The time constant of the system, t hem can be 
approximated by (see Appendix X),
From Appendix X, thfm has a value of 9.66 seconds.
The actual transient response of the heat flux probe was evaluated in 
the high temperature CRC muffle furnace. The procedure used consisted 
of suddenly subjecting the probe heat to a constant radiative flux and
THFM ~ ^Constantan  ^i'copper
block
(4.49)
disc
logging the disc centre and disc periphery temperatures at small time 
intervals (less than one second). The rate at which the probe could be 
subjected to its new environment closely approximated to a step change. 
Under this condition the response of the system is given by (Benedict 
1977, Eckert and Drake 1972),
~  = e t/r (4.50)
©.
i
where ©i is the difference between the initial and final steady state 
values and © is the difference after time t. From Eq. 4.50, r is the 
time required for the probe signal to be reduced to 1/e of the 
•final-initial’ steady state values. The time constant, t from this 
analysis is comparable with that of the 'lumped analysis’, that is,
thfm 96 T (4.51)
The time constant for the water-cooled probe was evaluated at various 
incident heat fluxes from 50 kW/m2 up to 300 kW/m2. A typical response 
curve is shown in Figure 4.21 for a step change in the incident heat 
flux. The average time constant for the range of heat fluxes 
investigated is 10.6 ±0.5 seconds. This compares well with the 'lumped 
analysis’ of the system.
4.3.2 Transient Analysis of the 4rr-Steradian Heat Flux Meter
Unlike the previous analysis whereby the transient response could be 
approximated to a first order system, the 4Tr-steradian heat flux meter 
represents a more complex heat transfer problem. This can be
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Mean value for T  = 10*6s. 
in the range :
50 000 < dj, < 350000 W/m2
represented by a second order transient model. For this particular 
case/ the radiative heat transfer coefficient is important. An 
electrical analogue of the thermal system is shown in Figure 4.22.
Rq R|
Rr Rc Rcoh
/\/\r~~ W ---- 7—  WT
Vin dzcc z^c, v
Figure 4.22
Electrical Analogue of Heat Flux Meter Assembly
The total external resistance of the system, Rq consists of the 
resistance due to the ceramic wall, Rc,
L
R % — — (4.52)
k AC O
and the effective resistance due to the radiative interchange, Rr ,
R = (4.53)
h_A 
R o
where hR is the radiative heat transfer coefficient. This can be 
expressed as (McAdams 1954),
hR = a «c(Tw2 + TcZXTw + Tc ) (4.54)
For the case where IV TC/ Eqn. 4.54 can be written as,
hR >  4 a e TV3 (4.55)
The dominant resistance to heat transfer in the water-cooled probe is 
the Constantan disc, Pc o n* whilst the probe capacitance is almost 
entirely due to the copper block (see Appendix X). Consequently a much 
simplified model is derived that includes only the dominant factors that 
affect the rate of heat transfer.
An appropriate solution describing the temperature-time response of the 
thermal system (Figure 4.22), to a step change in temperature can be 
given as (Benedict 1977),
S3IIEH 1 — [ r* ] -r2.t. r2 e_ri,tX C * T * ' c
ri - r2.
CM
X1HX
where T is the sensor temperature at any time t, AT is the step change 
in temperature, with the initial temperature normalized at zero, and
ri(=l/ri), r2(=l/r2 ) = (a ±V(a2 - 4b))/2b (4.57)
where rj and r2 represent the roots of the second order quadratic. For
this particular system,
a = Ccu(Ro + >i) + Cc Ko (4.58)
and b = Co, Cc Rq Ri (4.59)
The overall time constant for the system will, for a step, ramp or 
periodic change in the environment conditions be (Benedict 1977),
T q  =  T 1 +  T2 (4.60)
The theoretical time constant, rQ for the system shown in Figure 4.22, 
at various temperatures, is given in Figure 4.23 for both the coated and 
uncoated ceramic shields (see Appendix X for the analysis). The 
difference between the two time constant curves for the coated and 
uncoated ceramic shields is entirely due to the different surface 
emissivities of the two shields (since both shields have the same 
surface area and mass).
A practical evaluation of the system time constant was carried out in 
the high temperature electric muffle furnace. Initial trials on the 
best type of system response to use showed some major difficulties. Of 
the three basic types of response, i.e., step change, ramp change and 
periodic change, it was found that only one of these could be 
approximated by the muffle furnace. The step change analysis was 
impossible to achieve due to the thermal mass of the furnace and , 
withdrawing and inserting the whole probe assembly from the furnace 
could not be considered due to the risk of fracture of the shields from 
severe thermal stressing. A ramp change analysis was found to be very 
unsatisfactory due to the muffle furnace power controller producing a 
highly non-linear ramp, despite using a temperature ramp controller. The 
best results were obtained using a very crude type of thermal cycling. 
The procedure used for this was to move the controller set-point to a 
much higher value until the temperature had risen by some 50°C, and then 
to return the set point to its initial setting. The time lag between 
the peak furnace temperature and the peak signal output from the probe 
can be said to approximate the system time constant. Although far from 
satisfactory, this technique proved to be the most effective in the time 
available.
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Flux Meter
The results of this analysis are given in Figure 4.23 for the coated 
ceramic shield only (results were not taken for the uncoated ceramic 
shield). A series of response curves from this analysis are given in 
Figure 4.24.
4.3.3 Determination of the Heat Flux Meter Transfer Functions
The transfer function of a linear system is defined as the ratio of the 
Laplace transform of the output variable to the Laplace transform of the 
input variable (Dorf 1980), with all initial conditions assumed to be 
zero. The transfer function of an element (or system) represents the 
relationship describing the dynamics of the system under consideration.
A transfer function may only be defined for a linear, stationary 
(constant parameter) system. A nonstationary system, often called a 
time-varying system, has one or more time-varying parameters, and the 
Laplace transformation may not be utilized.
As a consequence of this the water-cooled heat flux probe transfer 
function, can be described without any difficulty. Since the 
plane-surfaced heat meter acts as a first-order system, the transfer 
function can be written, in terms of the thermal resistance and 
capacitance, as:
<L, (s> 1 (4.61)
**1 ^  R^t^CONSTANTAN
DISC BLOCK .
where thfm was found, from the calibration to be 10.6 ± 0.5 seconds.
The transient response of the 4TP-steradian heat flux meter however, 
possesses a parameter that is temperature dependent, that is, the 
radiative heat transfer coefficient. Because of this, the overall system 
time constant is a function of temperature. In order to account for 
this variation in time constant a number of assumptions have to be made. 
The first is that the transfer function, G4-Tr( s ) can be described by the 
relationship,
4, <S)
G = ---- - = — ---   (4.63)
^  (S) To (T) S + 1
where t0(T) is the overall system time constant at a temperature which 
corresponds to the effective radiative heat transfer coefficient, hR at 
a particular moment in time. For small differences between the 
temperature of the radiative environment and the shield temperature, 
r0(T) can be expressed as a linear function. From Figure 4.23, a linear 
relationship between the experimental values of the time constant and 
the effective radiating temperature can be used, that is,
tq (T) « mT + c (4.64)
where, from Figure 4.23 m = -0.0586 s/K and c - 105.6 s (in the range 
850K < T < 1650K). in order to evaluate the necessary temperature, T, 
either a fine-wire thermocouple in contact with the ceramic sphere will 
give a representative value (for small changes in the radiative 
environment), or use of the water-cooled probe output can be made (since 
T1 < Tz)' effective shield temperature can be derived by making use 
of Eg. 4.41 for the coated shield, i.e..
4 k S
'{£■ + T 
.2
. 2.018 o AT 1 + b<1 -
. 0.9 . R2
■ - 15226.0 (4.65)
Where q  is in W/m2. An equivalent radiating temperature, T (in °K) can 
be approximated by.
T
0.25
(4.66)
or, substituting for q from Eq. 4.65,
T s: 1
0.25
2.018
4 k S 
o AT 1 + b ’ - 15226
.a. . 0.9 R2 .2 °.
0.25
t (4.67)
Substituting for the system constants, this reduces to.
T % 697.1 AT 1 + 0.00209
rAT. 
.2
-1.137
0.25
(4.68)
where ko = 21.9 W/irtK
S = 8.35 X  10-4 m 
R = 3.5 X  10-3 m 
b = 0.00209 K-l
5. THEORETICAL ANALYSIS OF THE GAS-FIRED FURNACE
Subsequent to the calibration of the heat flux meter, a series of 
furnace trials were instigated. The purpose of these trials were to:
(i) establish the integrity of the heat flux meter in a furnace 
environment,
(ii) to investigate the possibility of using the heat flux meter 
output as a primary control parameter, for combustion chambers 
where radiation is the dominant mode of heat transfer, and
(iii) to compare the actual performance of the combustion test bed with 
that given from a mathematical model of the furnace.
The furnace used to test the heat flux meter in (Section 6), is based 
on the "well-stirred combustion chamber" model as described by Hottel 
(McAdams 1954, Hottel 1961). Hottel's model makes use initially of 
some simplifying assumptions:
(1) the gas mass and flame in the furnace chamber can be assigned a 
single mean temperature, Tg;
(2) the gas is grey;
(3) the surface of the heat sink, of area Ai, is grey and can be 
assigned a single temperature, Ti;
(4) external losses through the furnace walls are negligible, and 
internal convection to refractory walls of area Ar is 
negligible;
(5) the disposition of the sink and refractory surfaces is such that 
from any point on the walls the view-factor to the sink surfaces 
is the same as from any other point; this is possible only when 
the sink and refractory surfaces axe intimately mixed;
(6) the chamber gases leave the combustion chamber at a temperature A 
degrees below the Tg which characterizes heat transfer;
(7) convection from the gases to the sink is negligible.
Hottel (McAdams 1954, Hottel 1961) has shown that assumptions (1) to
(4) and (7) lead to the relation for net flux from gas to heat sink,
6 = (GS ) a (T 4 - T,4 )q^l v 1 R g 1 (5.1)
with
(GSi )r  = (5.2)
-  1
where Cs is the cold or sink fraction of the total surface area At ; 
that is Cg = Ai/At • From an energy balance on the system and from 
assumptions (4) and (6),
g-i _
h.
T - A - T
g o
T - T AF O
(5.3)
where Hp is the enthalpy in the feed stream (air and fuel) entering the 
chamber per unit time, measured above a base temperature, T0 . Equation
5.3 is both an energy balance and a definition of Ta f, which is that 
adiabatic flame temperature (Hp/mCp) obtained by ignoring dissociation. 
Elimination of Tg between Eqns. 5.1 and 5.3 yields,
6g^i 4 4
+ T = T 1 AF 1 +
0 (T__ - T ) * AF o'
T.AF h f t;AF
(5.4)
Hottel defined the following dimensionless groups:
O ’ = reduced furnace efficiency; the actual efficiency 
6 /H_ times the temperature ratio (T “ T0 )/T»«;
yt“JL r AT O At
•V
D* = reduced firing density, — — ------------------
<r(GS )_ T 3 (T - T )
1 R AF AF O
the ratio of energy input to a kind of radiating ability;
t = ratio of sink temperature Ti to pseudoadiabatic flame temperature
T ; and AF
A' = A/T , the ratio of gas temperature drop from radiating point to 
chamber outlet, to the flame temperature.
Eqn. 5.4 can be expressed in terms of the dimensionless groups,
£*D* + t4 = (1 + A* — *Qr )4 (5.5)
The use of this simplified approach in the analysis of the gas-furnace 
is justified since the combustion chamber has been specifically 
designed around these equations (see Section 6.2). The use of more 
complex models such as the various forms of the zoning technique 
(Hottel 1961, 1967; Lucas 1974; Jenkins 1976) are not thought to be 
justified since the data required for such mathematical simulations, 
in particular the fuel burnout rates and flame soot burdens, are not 
available.
5.1 Estimation of the Furnace Performance
Furnaces usually possess two types of surface, one of these is the 
refractory material and the other the heat sink. The convective heat 
transfer to the refractory surface is usually, for the well-stirred 
model, assumed to balance the heat losses through the walls. For this 
particular case, the refractory surfaces are termed no-flux surfaces 
with respect to radiation. However, significant error can be generated 
if convection to the heat sink surfaces is ignored. Consequently the 
steady state heat transfer in a well-stirred furnace may be given by;
(5.6)
(5.7)
(5.8)
where surface 2, the refractory, is losing heat to the outside at a 
rate that is balanced by the convective heat supplied.
For the calculation of heat transmission in combustion chambers, Hottel 
(1961) has stated, for engineering use, that the outlet temperature 
from a combustion chamber can be determined by subtracting A from the 
mean furnace gas temperature. For the combustion of methane (McAdams 
1954), A has been taken to be approximately 170°C. Hottel (1967) gave 
an approximation for A of.
for use on boiler furnaces and tube stills.
5.2 Convective Heat Transfer
Hottel (1974) based his prediction to evaluate heat transfer in 
furnaces on considering the walls to be in a state of equilibrium and 
taking the gas to wall convection to be approximately equal to the heat 
loss through the walls. The validity of this assumption is very 
dependent on the rate of heat transferred by convection and radiation. 
In general, if it is suspected that about between 5 and 10% of the
4Hf
(5.9)
total heat input is transferred to the refractory walls by convection, 
then the refractory walls can be taken (without significant error) to 
be no-flux surfaces with respect to radiation.
For convective heat transfer to the furnace heat sink, the combustion 
products are assumed to pass over a bank of water-cooled tubes at the 
rear end of the furnace chamber (see Section 6.3.6). Here the fluid 
flow can be assumed to be perpendicular to the tubes. Rose and Cooper 
(1977) give a correlation for the cross flow heat transfer coefficient
——  _ m ^ 0.34 „ „ ■ ■ ■ ,
Nu = a.Re . Pr * 1 * 2  (5.10)
where a and m are correlation constants for various flow and tube 
configurations.
Table 5.1
Values of a and m for use with Equation 5.10 
(after Rose and Cooper (1977))
Range of 
Reynolds Number
In-line banks Staggered banks
a m a m
10 - 3 x 102 
3 X  102 - 2 X  105 
2 X  105 - 2 X  106
0.742
0.211
0.116
0.431 
0.651 
0.700
1.309
0.273
0.124
0.360
0.635
0.700
Fi and F2 are correction factors for surface-to-bulk physical property 
variations and for the effect of number of tube rows in the array 
respectively. Pr is the Prandtl number and Re the cross flow Reynolds 
number defined bys
p V Dmax ,
where Vmav- is the maximum flow velocity, calculated for the minimum 
flow area between tubes normal to the local flow direction. Vmax. f°r 
the gas furnace can be approximated by (Rose and Cooper 1977);
V
m (5.12)
max P nt (p - D) L
where m is the mass rate of fluid flow, p the fluid density, nt the 
number of tubes in transverse rows, p and D the tube pitch and diameter 
respectively, and L the tube length. Fi, the correction factor for 
wall-to-bulk physical property variation, can be evaluated from the 
relationship (Rose and Cooper 1977);
The factor F2 corrects for the influence of the number of crossflow 
tube rows nt on the average Nusselt number, Nu. For nt <10, F2 
differs from unity by an amount shown in Figure 5.1.
Pr, 0.26BULK (5.13)
PrWALL.
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Figure 5.1 correction Factor to Mean Nusselt Number for the 
Effect of the Number of Tube Rows.
5.3 Radiative Heat Transfer
The combustion of natural gas in industrial furnaces is often 
accompanied by radiative emissions from incandescant particles. 
Non-luminous radiation, mainly from the product of combustion is 
associated with particular bands in the infra-red spectrum, (Tien 
1968). The combination of these two effects results in a system whose 
emissive characteristics are extremely complex and often very difficult 
to define.
Although the accurate expression of a real-gas emissivity as the 
weighted sum of a grey-gas series requires several terms, a 
simplification which gives remarkably good results is fortunately 
feasible. If the surface reflectivities are not very large (which is 
true for this case), a beam of radiation from the gas is attenuated 
rapidly in its succession of reflections and transmissions, and an 
adequate description of gas emissivity is given by the 
one-grey-plus-ciear-gas description of emissivity (Hottel 1967). The 
heat sink and refractory surfaces can be taken as grey bodies, that is, 
the absorptivity and emissivity of the surfaces are independent of the 
wavelength over the spectral regions of the irradiation and the surface 
emission. For a single surface well-stirred furnace, the radiant 
interchange between a grey gas and the surface was given by Eqn. 5.1.
The evaluation of heat transfer in furnaces with two surfaces involves 
three total exchange areas, GSi, GS2 and S1S2 or, if allowance is to be 
made for lack of reciprocity, six. In the well-stirred furnace with a 
single surface, the radiant interchange between the gas and the surface 
should be written:
Where,
_  a A
GS = ---S— =----- (5.15)
3- + «S - 1
el eg 
 ^ a A
GS1 = ----  3 ■ -- (5.16)
—  +  -  1 
€1  O g l
and, the energy fractions ag and ag, of the blackbody spectrum in Which 
the gas radiates and absorbs are given by (for a one-grey-plus-clear 
gas model).
e 2
a = ----— - (5.17)
9 2 e - eg 2g
a 2
a = -— ----- (5.18)
2a , - or . gl 2gl
The emissivity of the combustion products, eg, is evaluated at a mean 
beam length for radiation, L, Which for many shapes of furnace is 
approximately equal to 3.5 times the free volume divided by the total 
heated surface (Davis et al 1971). The parameter €2g is a gas
emissivity calculated at twice the mean beam length.
In many applications involving only one surface, this is at a very much
lower temperature than the combustion gases. in such a situation GSi a
Tg4 >> GSi a Ti4 and in these circumstances GSi can be taken as GSi 
without appreciable error (Hottel 1967, Davis et al 1971).
The heat transfer equations for a well-stirred furnace with two 
surfaces, involve six directed flux areas, but following the procedure 
used for the one-surface case, they may be replaced by the three 
exchange areas GSi, GS2 and S1S2♦ The equations from which these 
factors are evaluated are complex and to simplify them it is usually 
assumed that the furnace is "speckled" (that is, the sink and 
refractory surfaces sure intimately mixed in order to fulfill the 
simplifying assumption that both surfaces are so arranged such that 
from any point on the walls the view factor to the sink surfaces is the 
same as from any other point). However, this assumption need not be 
made if one of the surfaces, here designated 1, cannot "see" itself. In 
these circumstances the view factor F u  = 0 and hence F12 = A1/A2.
Since for the particular furnace used in the ejqperimental work the 
cooling water load can be taken as having a self view factor of zero 
(this is not entirely true), these assumptions can be used. Davis et 
al (1971) derived the following working formulae;
GS1 (5.19)
GS,
2
(5.20)
a
(5.21)
where,
The gas emissivities are the effective grey emissivities at the gas
temperature.
5.4 Emissivity of natural Gas Flawes
The effective emissivity of various combustion gases has been presented 
by Hottel and Sarofim (1967), Gaydon and Wolfhard (1970), Rose and 
Cooper (1977), where the expression 6g.Tg is given as a function of 
(Pco2 + Ph20 )Lm * This is carried out for two different ratios of water 
vapour-to-carbon dioxide partial pressures, that is, 1 for liquid 
fuels, and 2 for gaseous fuels. Hadvig (1970a) who developed this 
approach in the early sixties, concluded that the gas absorptivity can 
be replaced by the gas emissivity evaluated at the surface temperature, 
when (Tg/Tg) >  1.10, without appreciable error (i.e., <4%). Knowledge 
of the ratio ( PH20/pC02) is essential to compound the effective gas 
emission since the water vapour and carbon dioxide have an interacting 
effect on each other with respect to radiant emission and absorption 
(Hottel and Sarofim 1967). However, if the analysis of the fuel is 
known, and the combustion air contains x kgs of water vapour per kg of 
dry air, then Hadvig (1970a) proposed, for normal furnace pressures,
P 3
C02
, . 3 „ . S - 0+ 7.65 1 + - H 4- -----
c 8 .
A X  ( 5 . 2 4 )
where H, W, C, S and 0 are the mass fractions of hydrogen, water, 
carbon, sulphur and oxygen in the fuel respectively. A is the ratio 
between the weight of dry air used for the combustion and the weight of 
dry air which stoichiometrically is necessary for complete combustion 
of the same quantity of fuel.
For natural gas, which, if taken as methane; Eqn. 5.24 reduces to,
P
= 2 + 15.30 AX (5.25)
Pco2
and hence for natural gas when x = 0, Ph20/PC02 will be slightly less 
than 2. This is due to the presence of ethane and propane and higher 
hydrocarbons.
Hottel*s charts for emissivity were based on the expression,
€ = C__ + € - _ C « ~ A E_ (5.26)
g co2 co2 h2o h2o Tg
at one atmosphere, where Cgas is the pressure correction to gas 
emissivity and Ae is the correction to gas emission due to spectral 
overlap.
Hadvig (1970a) found that it was possible to express and hence evaluate 
€g for a wide temperature range. His approach was based on drawing 
curves for values of P^o/Pc02 - 1 and 2, in a coordinate system with 
linear axes for eg and Tg respectively. These curves, for Pco2*Ijm 
equal to a constant, become almost straight lines. Hence, within a 
definite temperature interval, eg could be represented by the equation 
for a straight line, of the form;
T
« = y, -  y —  (5 .27)
y To
where yx and y are positive dimensionless constants, and Tq taken to be 
1°K as the base temperature. Hadvig then introduced;
y T
z = —  , and 0 =-5 (5.28)
y T
2 o
Thus, = y (z - e) (5.29)
For y = a function of [(Pco2.+ PH20) • / a range of 1800 < z < 7000,
and values from charts of Tg, 9, Ph20 and Pc02* Hadvig was able to 
obtain a relationship of the form:
y = ao + a^r + a2r2 + a3r3 + ... (5.30)
where ao, ai# etc. are constants, given in Table 5.1, and r = (Pcx>2 
+PH20) • Ifn , (where r has the units of atm.m).
z />H,PPCO-2
Error
< ,
% r mln r max
Error in 
approx.
< ,  % a a, o, a, ot e* a. a ,
1 4 0 003 0-020 0-7 2-797.10-* 7-356.10*’ -  5 -6 8 3 .10-1 3 -289 .101 -  9-856.10’ 1-131.10* _ _
2 4 0 005 0-030 0-4 5-006.10-* 5-825.10-* -  2 -5 2 7 .10-1 8-483 -  1-502.10* 1-055.10’ — —
1 4 0-003 0-090 2-5 5 044-10-* 4-387.10-* -  9-832.10-* - 1 - 8 4 0 1-823.10* -  4-286.10’ 4-250.10* -  1-544.10*
2 4 0 0 1 0 0-090 0-3 1-643.10-* 2-653 .10-’ -  2-901.10-* 2 -181 .10-1 -  8-734.10-* 1-215 —  ' —
I 4 0-016 0-70 1-6 1-812.10-* 1-635.10-* -  1-387.10-* 7-442.10-’ -  2-211.10-’ 3-595.10-* -  3-001.10-* 1-O05.I0-*
2 4 0-016 0-70 1-8 2-645.10-* 1-355.10-* -  8 -061 .10-’ 3-362.10-’ -  8-332.10-’ 1-176.10-1 -  8 -755 .10-’ 2 -670.10-’
1 6 0-016 0-70 0-7 1-615.10-* 1 -695.10-’ -  I -463.10-* 7-948.10-* -  2 -377 .10-* 3-881 .10-* -  3-246.10-* 1-089.10-1
2 6 0-016 0-70 1-7 2-668.10"* 1-236.10-* -  5 -676 .10-’ 1-746.10-* -  3-031.10-* 2-671.10-* -  9-291.10-* —  -
1 4 0-200 1-00 1-0 6-097.10-* 3-379.10-* -  5-418.10-* 7-248.10-* -  5-324.10-* 1-493.10-* _- _
2 4 0-180 1-00 0-5 5-296.10-* 4-594.10-* -  7-649.10-* 8-582.10-* -  5-340.10-* 1-348.10-* — —
Table 5.1 Coefficients of Polynomial Approximation of y
(4 and 6% limits)
The graphical representation of y vs. r is given in Figure 5.2 for 
selected values of z, which covers the range of interest for natural 
gas combustion. Figure 5.3 shows a range of accuracy of the results in 
eg of better than 4%. Table 5.2 shows the error in eg of better than 
6%. These errors are positive and the maximum limit of either the 4% 
or 6% did occur at only one or two extreme values of temperature and 
pC02»ITO*
PHto/Pcot Temperature range, °K  Pcot-L range, at.m
1 400 <  T, <  2 100 0 0175 < pcot-L < 0 1 7 5
2 400 < 7 ;  < 2  100 400 <  T, <  1 900
0*0175 <  Pcot-L <  0-070  
0*070 <  Pcot-L <  0* 175
Table 5.2 Temperature and Pc02*L Ranges for Error of eg Less than
6% when z=2700
Figure 5.2(a) is for z = 2150 and is suitable (in the present work) to 
calculate eg in the range 0.0028 < (Pc02 + PH20) .Lm < 0.02. Figure 
5.2(b) for z = 2700 cam be used to calculate eg in the range 0.02 < 
(RC02 + PH20) • Iro < 0.7.
The net rate of radiant heat transfer between an isothermal gas volume 
with a defined mean beam length, and a black body surface, Tg is 
proportional to,
<£g Tg4 - cxgS TS4 (5.31)
cxgs Wcls evaluated by Hottel (McAdams 1954) such that;
a = € 
gs CO2
FT I0.65 [Tg r 4. fz _g
T co2 h20 T. S. . s.
0.45
c« « “ Aoc/m VH2O (Tg)
(5.32)
Where,
e = f £TS, .L [T /T )]
CX>2 CO2 m 1 s gJJ
~ = f [T , P ' .L [T /T ]] H2O s H2O m s g J
and Aoc(t s ) = A€(t s )* (i.e., evaluated at Ts ).
C g » yU -f); Errors4%  
  **2700 .«.
15
l—
(£q,+ f}y>)'Latmm
(b)
z = 2700y-valuesy-values for z=2150
5.2
T.10 *K
But, as was stated previously; if (Tg/Tg) > 1.10, it is possible to 
obtain the radiative heat transfer by using.
a
9s 9(Ts )
(5.33)
or, to a lesser degree of accuracy;
a = e (5.34)gs g
This is due to the fact that if Tg4 is very much higher than Ts4, ogS 
may be evaluated by Equations 5.33 and 5.34, with little error compared 
to the value of otgS obtained from Equation 5.32. This has been shown 
by Hadvig (1970a) by calculating the radiative transfer from the 
following relationship;
The error involved is shown in Table 5.3. The errors were based on the 
expressions;
(5.35)
100% and 100%
0
X
o
Where
Xq = ogS calculated from Equation 5.32
xl = otgS calculated from Equation 5.33
x2 = «gS calculated from Equation 5.34
ags
(5.36)
p c o z L T ,
P n 20 _  j 
pco.
PH20 2 
pco2
at.m -K <X«» — Q -at
CLg$ € g
T J T . T J T . T J T . T J T .
0-40
400 
500 
700 
I 200
1 1
1 1
1-2
1 1
1-6
1-5
2 0
> 2
1-4
1-2
1 1
1 1
1-5 
1-4 
>  2
>  2
0 1 0
400 
500 
700 
1 200
1-2
II
1 1
II
1-6
1-5
> 2
> 2
1 1
1 1
1 1
1 1
1-5
1-4
> 2
> 2
0 0 4
400 
500 
700 
1 200
1 1
1 1
1 1
1 1
1-6
1-4
> 2
> 2
1 1
1 1
1 1
1 1
1-6
1-4
1-8
> 2
0 0 1
400 
500 
700 
1 200
1 1
1 1
1 1
1 1
1-5
1-4
> 2
> 2
1 1
I I
1 1
1-3
1
A 
A
Table 5.3 The Lower Limits for Tg/Ts, when the Maximum Error in the
Radiation Transfer is 4%
Calculations were performed (Hadvig 1970a) for;
= 1 and 2
?co2
0.01 < ( P _  . L ) < 0.4
CO2 m
(Tg/TJ < 2.01.10 <
When the grey gas assumption is used (Equation 5.34), it can be seen 
from Table 5.4 that for moderate values of Ts, there is a relatively 
small loss of accuracy (Hadvig 1970a). However, for the case where Ts 
1200 K, it is possible to reckon on the error being constant for,
1.1 < (Tg/Ts) < 1.5
p c o f L
at.m
T.
CK
£ h *o ^  j 
P C O t
Pa*o ^  2 
P C  o*
0-40
400 
500 
700 
1 200
8
6
8
25
7
6
7
24
0 1 0
400 
500 
700 
1 200
11
7
8 
28
6
6
8
26
0 0 4
400 
500 
700 
1 200
6
4
8
30
8
6
7
27
001
400 13 10
500 7 7
700 6 5
1 200 38 32
Table 5.4 Maximum Error in Radiation Transfer - Grey Gas Assumption 
For the grey gas assumption, Equation 5.35 reduced to:
€g Tg4 — OCgg Tg4 = £g (Tg4 ~ Tg4 )
= y [Z - (Tg/To)](Tg4 - Ts4) (5.37)
In general, attempts to predict emissivities on a theoretical basis 
have not met with a great deal of success. As a consequence, it is 
still necessary to determine emissivities by measurement. Godridge and 
Hammond <1966) predicted the total emissivity values for large residual 
oil flames, where the carbon particle concentration exceeded 1 
mg/litre, reporting an accuracy of better than 5%. The technique was 
based on the optical pyrometer and total radiation method. Godridge et 
al. (1968) extended this technique to investigate the emissivity of 
• free jet natural gas flames in a large boiler, and found that an
average emissivity of 0.60 resulted from a range of 0.55 < < 0.75.
This value was reported to have included the non-luminous contribution 
from carbon dioxide and water vapour. However, Godridge et al (1968)
reported that the value of eg ~ 0.6 was slightly higher than that of a 
natural gas comer-fired furnace of 0.57 to 0.59 at excess air values 
between 2% and 10%.
This disclosure of technical and economic aspects with regard to the 
utilization of natural gas in the power industry (Stem and Godridge
1968), was followed by Matthews (1970) who investigated the parameters 
which govern the radiative performance and stability of natural gas 
flames for various burner designs. A total radiation pyrometer and an 
optical pyrometer were used to calculate the luminous emissivity of the 
flame and its radiant temperature. The non-luminous contribution was 
corrected by;
loge
1 - T
1 - e„_ NIi.
lo9e t1 ~ V
0.4875
6.
€t
(5.38)
where ep# cnl and are the total, non-luminous and luminous 
emissivities of the natural gas flame respectively. The value of the 
non-luminous emissivity was based on Godridge's (1968) work and was 
estimated to be em, = 0.4.
5.5 Prediction of Plane Temperature and Flame Species Concentration
The heat release and its transfer from flames is primarily a function 
of the concentration of species involved in a combustion process and 
their temperatures. Hence, a knowledge of the concentrations and 
temperatures of the species involved is essential in order to predict 
the rate of thermal emissions from a flame.
5.5.1 Techniques for Evaluating Concentrations and Temperatures
There are a number of techniques or approaches available for estimating 
the actual temperature of a flame. Of these, probably the most 
realistic is that described by Hottel and Sarofim (1967). This 
technique which consists of calculating the heat transfer processes 
within a furnace is often called the 'zone method'. This approach is 
often used where there are substantial variations in temperature in 
different parts of the heat transfer system. The furnace volume and 
surface area are subdivided into conveniently shaped zones assumed to 
have uniform properties, such as temperature, composition, emissivity 
and velocity, and an energy balance is written for each zone. Due to 
the nature of the technique, often a lot of information about the 
system is required and, obviously the more accurate and abundant the 
necessary data, the more realistic is the final, simultaneous solution 
of the energy balances. Various fuel and furnace combinations have 
been analysed by this technique (Hottel and Sarofim 1967; Lucas and 
Lockett 1972; Johnson et al 1974; Jenkins 1976; Selcuk 1976 et al; Van 
Dongen 1983).
Another type of model, which is limited to the flame only, is one in 
Which the flame properties are calculated by incrementally advancing 
along the flame, evaluating physical and chemical changes in each 
increment (Karim and D'souza 1972). This model relies on an extensive 
knowledge of the kinetics involved in the combustion process, as well 
as a large quantity of physical and thermodynamic data. Much of the 
physical and thermodynamic data has been obtained from published works 
in JANAF's Tables (Stull 1965; and Rose and Cooper 1977). The kinetic 
data is not well established and has often been based on estimated 
values.
Once an adequate kinetic scheme and the relevant kinetic data for the 
oxidation of the fuel have been established, the performance of a 
simple combustion process can be predicted by incorporating such data 
in the following physical formulations of the system (Smith and Cook 
1965).
a) Conservation of momentum
dv dPp v —  = - —
dx dx
b) Conservation of energy
d Hmd « T
—  (H ’ +  v 2/2) =     =  0
dx dx
c ) Generation of species
d Y.
P v — - = (m W) £ 
dx
r’ s ’
c. = e (it" - m  ) f n c. it:
1 m=l 1,m m j=1 3 3/Hi
Ci = species creation terms
i = referred to chemical species involved in the reaction 
r’ = number of forward and reverse reactions 
s' = number of species.
d) Conservation of elements
d Y.
dx
j = referred to chemical element involved in the reaction
e) Equation of state
P (m W)p = •----- -
R* T
f) Enthalpy-temperature relation
s’
H = E Y. H . S . „ X Si X=1
H . = A. + C . (T - T ) 
Si x px O
The model relies on a number of simplifying assumptions;
1. Fuel and air (oxygen) mix instantaneously and completely at the 
entrance to the combustion chamber.
2. The mixture of species is uniform at any point in the flame stream
and hence no diffusion normal to the flow direction.
3. The flow stream is steady, adiabatic and frictionless.
4. Species mixtures obey the ideal gas laws.
The two techniques described above were thought to be too involved for 
this present study considering the time required to produce an 
accurate, working model. However, several authors (Harker 1967; Harker 
and Allen 1969; Smith 1969; Gaydon and Wolfhard 1970; Gwyther and Codd 
1970; Miller and McConnel 1972; Kim 1975) have used an overall model, 
often termed the 'adiabatic dissociation flame temperature' model, 
which can be used in conjunction with the well-stirred combustion 
chamber model in order to describe the overall heat transfer processes 
within the furnace (see section 5.7). The 'dissociation flame
temperature’ model is based on the fact that when hydrocarbon fuels are 
burnt with air, the product gas mixture contains carbon, hydrogen, 
oxygen and nitrogen. These are all assumed to appear as carbon 
monoxide, carbon dioxide, oxygen, hydrogen, nitrogen, water vapour, 
hydroxyl radicals, hydrogen radicals, oxygen radicals and nitric oxide. 
The calculation of the equilibrium composition of flame gases has been 
simplified by various authors (Harker 1967, Karim and D ’souza 1972) to 
minimize the complexity of the calculations. The simplifying 
assumptions that are made are, in general;
1. The flow is steady and one-dimensional along the flame axis.
2. The combustion products are homogeneous throughout the flame and
of constant composition.
3. The flow is adiabatic and isentropic.
4. The combustion products obey the ideal gas laws.
5. The flame envelope attains equilibrium conditions.
6. There is always enough air (oxygen) to convert all the carbon in
the system to, at least, carbon monoxide.
If these conditions are applied, the required calculations may be made 
by the simultaneous solution of linear (mass and heat balances) and 
non-linear (equilibrium) algebraic equations. For the combustion of a 
hydrocarbon fuel where a mixture of carbon, oxygen, hydrogen and 
nitrogen only is present, the dissociation equilibria which have to be 
considered cure:
C02 =?* CO + V 2O2
H20 sf* H2 + I/2O2
1/2N2 + V 2O2 NO
Under equilibrium conditions, the following relationships must be 
satisfied.
where Pgas refers to the partial pressure of the particular species in 
question, and Ki to are the equilibrium constants which are a 
function of the gas temperature. Letting a = T?c q » - Pco2 etc., the 
total pressure P is given by;
P - a  + b + c + d + e + f + g + h + i + j (5.39)
where P ~ l atmosphere in most furnaces. Ki to Kg can be rewritten in 
the form;
a Vo
K± = (5.40)
d Vo
k2 = — “ . (5.41)
f ydK3 = — —  (5.42)
K . = ^  (5.43)4
✓d
K. = - (5.44)
5 Vc
K, =  — —  (5.45)
Vj Vo
Considering the number of gram-atoms of each element :
No. of c atoms = nc = a + b
No. of H atoms = nn = 2d + 2e + f + g
No. of 0 atoms = no = a + 2b + 2c + e + f + h + i
No. of N atoms = njsj = i + 2j
The ratios of the absolute values of the number of gram-atoms of the 
elements can be obtained from the composition of the unburnt air-fuel 
mixture. Thus letting,
nc
]C’ = —  , C  
nH
we obtain;
k ’nn = a + b
fi'nn - a + 2b + 2c + e + f + h + i
and m'nn = i + 2j
where
nn = 2d + 2e + f + g 
5.5.2 Solution of the Equilibria Equations
There are eleven equations (Equations 5.39 to 5.49) in which there are 
eleven unknowns (ten species concentrations and the value of nn) which, 
together must be solved simultaneously. In order to solve the 
equilibrium equations Harker (1967 and 1969) rearranged the system 
equations in terms of Ph? (i.e., d) and Ph ?o (i.e., e), finally 
developing a relationship giving e as a function of d. Ph ? was chosen 
as the fundamental quantity since;
(!) PH2 appears in most of the equilibrium relationships,
and (2) Ph2 usually has a small value which is reached quickly in
incremental steps from zero.
(5.46)
(5.47)
(5.48)
(5.49)
no N, and m' = —
n.H nH
Hence from Equation 5.41;
c =
e2 k 2 2
d2
(5.50)
From Equations 5.40 and 5.50;
a =
b Kx d 
/d
(5.52)
From Equation 5.43;
g = K4 /d (5.53)
From Equations 5.44 an 5.50;
K2 K5 e
d
(5.54)
Substituting from Equations 5.50, 5.51, 5.52, 5.53 and 5.54 for a, c, f 
and h in Equation 5.47., gives
b K d 2 e2 K 2 e K K K_e
1 2 3 2 5I = &'n - -— —  - 2b - — --- =—  - e - -   --- —  (5.55)
H e K d2 Vd
Similarly, substituting for a, c, f, g, h and i in Equation 5.39;
e2 K 2
j = 1 + b + — —  - d - K yd - fi’n„ 
d2 4 H
(5.56 )
where P is taken as 1 atmosphere. Substituting for f and g in Equation 
5.49;
e K3n„ = 2d + 2e +    + K.
H /d 4
(5.57)
substituting for a ana ng in Equation 5.46;
By substituting for a, b, c, f, g, h, i and j from Equations 5.50 to 
5.58 into Equation 5.48, e can be obtained from the following quadratic 
function;
e
Y + V(Y2 — 4XZ) 
2X
(5.59)
where
X = K2 (2i* + 2m* + 1) + (£• + m* + 1) +
Y = Kid (2k* + 2fi’ + 1) + 2 K2d (£• + m' + 1)
+ Ki K3 /d (3c’ + £' + m* + 1 )
+ K2 K4 yd ( £' + rn* + 2) + Ki K2 Ks - 2K2
Z = 2Ki d2 (k' + £' + m ’ + 1) + Ki K4 d yd (k’ + £' + m ’ + 2)
- 2Kid
5.5.3 The Calculation of Flame Temperature
The equilibrium flame temperature may be calculated from a knowledge of 
the composition of the flame gases. The principal approach involves 
the calculation of the sensible heat content of the flame and the heat 
release by the reaction. The flame temperature is that temperature at 
which these are equal.
Both changes in internal energy and in enthalpy are seen to result in 
transfers of energy in the form of heat, the driving force for the heat 
transfer being the difference in temperature. In fact, both the 
internal energy and enthalpy are found to be functions of temperature 
alone for ideal gases. Therefore, the thermal or sensible energy 
content can be related directly to the level of temperature obtained in 
terms of enthalpy. Hence, the rise in sensible enthalpy of material 
from a standard 298.15°K to some temperature, T, is given by;
Values of sensible enthalpy for reactants are only needed when the 
initial conditions are non-standard, as in the case of preheating.
For complex fuels, values of sensible enthalpy over the temperature 
range, AT, may be obtained by means of expressions in terms of the 
temperature changes, molar quantities and molar heat capacities (Smith
1969), thus:
AH = AT . " (5.60)
S <H,S H,S. )T T 298.15
298.15 O
-  Hs >
where mp = no. mols of fuel, Cp = mean molar heat capacity at constant 
pressure over the temperature range, AT. For mixtures of gases, this 
can be esqpressed as;
The variations of Cp with temperature can be more accurately expressed
as;
Cp = A + BT + CT2 (5.62)
where A, B and c are constants whose values have been computed by Smith 
(1969) for three temperature ranges (1100 to 1900 K, 1900 to 1700 K, 
and 2700 to 3500 K), using values of heat capacities appearing in the 
JANAF Tables (Stull 1965). Thus the enthalpy absorbed by one mole of 
the more complex fuel heated from 298.15 K, over the range AT, is 
obtained by integrating Equation 5.62;
AHS298.15 are given in Appendix XI, and were obtained from Smith 
(1969). The computation of enthalpies using data from Appendix XI and 
Equation 5.63 were reported (smith 1969) to result in an accuracy of 
0.02%, as compared against values quoted in the JANAF Tables (Stull 
1965), in the range 1100 to 3500 K.
298.15
C . dT 
P
= A T + B/2(T2 - 298.152) + C/3(T3 - 298.153)
Therefore
+ AT + B/2T2 + C/3 T3 (5.63)
The values of the coefficients A, B, C and the integration constant
Smith (1969) utilised the integral of the Van't Hoff equation to obtain 
an expression for the equilibrium constants Ki to ^  as a function of 
temperature;
where R' is the gas constant (cal/K mole); EA, EB and EC are the 
temperature coefficients, which were computed by Smith (1969) for the 
six dissociation reactions of a typical hydrocarbon-air combustion 
system. These are given in Appendix XI for three temperature ranges 
(from Smith 1969), and were reported to give results accurate to within 
0.1% of their corresponding values quoted in the JANAF Tables (Stull 
1965). J and I are the system integration constants.
The polynomial expressions derived by Smith (1969) were used in the 
determination of the adiabatic dissociation flame temperature and the 
flame gas composition. This was carried out using a computer program 
written by the author. The program (see Figure 5.4 for the program 
flowsheet) is capable of evaluating the above parameters for various 
fuel-air ratios, degrees of air preheat, and differing fuel 
compositions.
5.6 Recuperator Performance
The natural gas-fired furnace used in this study was equipped with a 
Hotwork self-recuperative burner (see section 6.1 and Figure 6.2). A 
self-recuperative burner possesses a countercurrent heat exchanger 
which is an integral part of the burner assembly. The Hotwork 
recuperative burner is based on a design due to the Midlands Research 
Station (Harrison 1967), which is the research and development 
department of the Gas Council. The burner consists of a plain, smooth 
tube, known as the air tube which separates the air and flue gases.
Both fluids pass through narrow annuli with the air flowing on the
MODIFY TAF
HEAD Fuel Composition Data
HEAD Air Preheat Temperature
READ Thermodynamic Data 
(Smith 1969)
READ Reaction Equilibrium Constant Data
NO
READ Air/Fuel Ratio
c CALL GARTIO
c CALL SPECHT I
GUESS Adiabatic 
Dissociation Flame 
Temperature, T^'
c CALL DISSOC
c CALL DELTH
c
X
CALL COMPRO
I
'r
CALCULATE Sensible
Heat Content of Flame, Hg
and Heat Released
by Combustion, Hc
it
PRINT out Adiabatic Dissociation 
Flame Temperature and Composition
■GARTIO' - calculates the 
number of gram-atoms of 
C,N,0 and H present. Cal­
culates ratios C/H, O/H and 
N/H.
'SPECHT' - calculates the 
specific heat capacity of 
combustion air.
’DISSOC' - calculates reaction
), equilibrium constants for
system.
'DELTH' - calculates enthalpy 
of combustion gases at T '
'COMPRO' - calculates equilibrium 
flame, gas composition at T '•
Figure 5 . 4
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inside. The recuperator is integral with and positioned immediately 
behind the burner nozzle and tunnel, the front end of the air tube 
enclosing the refractory burner tunnel. The recuperative burner is 
fitted in a hole in the furnace wall, which is slightly larger in 
diameter than the air tube. In this way, the hottest part of the 
recuperator is located within the furnace wall. Fuel gas flows to the 
burner nozzlie through an inner tube concentric with the air tube.
5.6.1 Prediction of the Recuperator Performance (Steady State)
In order to quantify the degree of air preheat to the furnace through 
the recuperator, and hence evaluate the adiabatic dissociation flame 
temperature, a method of predicting the heat transfer within the 
recuperator is required.
The heat transfer in a short element of length of the annular 
recuperator can be described by a set of equations (Harrison et al 
1970), that must be satisfied simultaneously. These equations can be 
derived by carrying out one overall heat balance relating to heat 
transfer between the fluid streams, and separate heat balances for each 
tube and each fluid. In order to be able to formulate and solve these 
equations, the following assumptions must be made (Harrison et al
1970):-
(1) The system consists of a number of concentric tubes, each of the 
same length.
(2) No heat is transferred from the combustion products to the 
surrounding furnace wall; that is, the sleeve acts as a perfect 
insulator.
(3) There is no heat conducted along the length of the tubes.
(4) Natural convection in the annuli is insignificant.
The heat transfer system describing an element of the recuperator of 
length 6x is given in Figure 5.6. For this particular analysis, the 
heat transfer system can be simplified somewhat by the introduction of 
a valid assumption. Since the area ratio A6/A5 (Figure 5.6) is very 
small, the view factor between the surfaces, Fr(5=6) will tend to zero. 
Consequently all heat transfer processes arising from heat transfer 
from surface 5 can justifiably be ignored. The heat balances for an 
element of length fix are:
(i) Sleeve:
Heat gained by forced convection from combustion products 
+ heat gained by gas radiation from combustion products 
Heat lost by radiation to the air tube:
(ii) Air Tube:
Heat gained by forced convection from combustion products 
+ heat gained by gas radiation from combustion products 
•f heat radiated from sleeve 
= Heat conducted through air tube
h
FC1 1
A_ (T — T_ ) + 0A1 F__ (T 4 - T,4 ) 
 p 1. ± C3R , P 1
l->2
(5.65)
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Heat lost by forced convection to the air
+ heat lost by radiation to the inner tube
2rr k (T£ - T3 ) 6x
(5.66a)
In
3-*4
(5.66b)
(iii) Combustion Products:
Heat lost by combustion products 
= Heat lost by forced convection to the sleeve
+ heat lost by forced convection to the air tube
+ heat lost by gas radiation to the sleeve
+ heat lost by gas radiation to the air tube:
(iv) Combustion Air;
Heat gained by air
= Heat gained by forced convection from air tube 
+ heat gained by forced convection from inner tube:
FC1
(5.67)
(5.68)
(v) Two Fluids:
Heat lost by combustion products 
= heat gained by air
m e  6T = rn C 6T (5.69)p pp p a pa a
The view factor Fr  relating to radiation between two surfaces takes 
account of the geometry and emissivities of the surfaces, and the beam 
length of the enclosed gases. For radiation between a surface and a 
gas, the factor Fg r is a function of the beam length of the gas and the 
emissivities of the surface and the gas. These two factors have been 
evaluated from data given by McAdams (1954) and Hadvig (1970a).
Forced convection plays an important role in heat transfer in 
self-recuperative burners. Harrison et al (1970) expressed the concern 
that "great care must be taken in utilizing a representative heat 
transfer correlation, since the flow in recuperators can be developing 
both hydro-dynamically and thermally over a significant length". For 
turbulent flow at bulk Reynolds numbers, DG/pt>, above 10,000, in tubes 
with square-edged entries, for Prandtl numbers from 0.7 to 120, McAdams 
(1954) recommends the correlation:
_ V
C G 
P
V ' V
. k .b
0,14 0.023 [1 + (D /L)0'7]
= — — ------ 5T2----  <5-70)
< D G / V
Equation 5.70 can be used to describe the convective heat transfer from 
the flue gases. However, convective heat transfer to and from the 
combustion air cannot be described in the same way since the air is
swirled in the recuperator by means of a series of angled vanes 
(Hotwork 1985). In order to try and describe the heat transfer from 
such a fluid stream a correlation of the form,
NU = 0.214 Re0»772 PrO.33 (5.71)
can be utilised. This was derived by Hart (1985) for a swirling flow 
of combustion gases in the region before fully developed flow is 
established.
The performance of the heat exchanger section of the self-recuperative 
burner can be predicted by solving the heat balance equations. The 
calculation is carried out by considering the recuperator to be split 
into a number of short cylindrical sections. As a starting point, the 
temperatures of the air entering and combustion products leaving the 
coolest section are specified. The equations describing the heat 
transfer to the tube surfaces can then be solved to obtain the unknown 
surface temperatures and heat transfer rates (an iterative procedure). 
The amount of heat lost or gained by the fluid streams in a. particular 
section will dictate their temperatures in the next section. The 
calculation is repeated for a large number of zones of small size, the 
result being a 'continuous' function of temperature down the 
recuperator for each fluid and each tube surface. Due to the nature of 
the calculative procedure a computer program (see Appendix XII) was 
used in order to ease the computational load (see Figure 5.7 for the 
flowsheet). A typical output for the gas furnace recuperator is given 
in Figure 5.8, illustrating the combustion air and flue gas temperature 
profiles under steady state conditions.
CALL PHYSIC
CALL CONV
CALL RAD
CALL HEAT
NO
YES
NO
STOP
YES
/  ALL \  
Recuperator 
Zones 
^Completed.
/  is  V
/  Ht Gain (Air)
- Ht Loss (Flue Gas) 
swithin convergence 
criteria ^ — '
FIRST ZONE
READ System Constants
Next Recuperator 
Zone
READ Flue Gas Composition
READ No. of Recuperator Zones
PRINT out 
Recuperator 
Temperature 
Profiles
'HEAT* - evaluation of the 
zonal heat balances
GUESS Temperature of Flue 
Gas Annulus Outer Surface
CALCULATE Zone Temperatures 
from Eqa. 5.65 to 5.66(b)
READ Inlet Air and Outlet 
Flue Gas Temperatures
MODIFY Flue Gas 
Annulus Outer 
Surface Temperature
CALCULATE New Gas 
Temperature from 
Heat Loss and Gain 
in Previous Zone
CALCULATE Fluid Stream Velocities 
and Reynolds Numbers
'CONV* - calculates convective 
h.t.c.'s for the fluid/surface 
interfaces
CALCULATE Heat Loss by Flue 
Gases and Heat Gain by 
Combustion Air (Eqs. 5.67 
and 5.68)
'PHYSIC' - calculates gas physical 
properties for air and flue gas 
streams at given zone temperatures
CALCULATE Thermal Conductivity 
of Recuperator Walls 
(based on average gas temperatures)
'RAD' - calculates gas and surface 
radiative view factors (gas 
emissivities based on Hadrig's 
(1970a) charts
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5.7 A Theoretical Model of the Gas-Fired Furnace (Steady State)
In an attempt to try and predict the performance of the furnace 
test-bed, use is made of the well-stirred combustion chamber model 
(McAdams 1954, Hottel 1961). Here, the form of the equations used to 
describe the heat transfer includes convection terms, to allow for 
departures from the ’idealized’ furnace (Hottel'and Sarofim 1967). For 
this case Equation 5.1 is replaced by.
£ = (GS_ ) cr(T 4 - t 4) + a  h (T + T, )
*g=l v l R v g 1 . 1 l g 1
(5.72)
Since radiation is dominant, the convection term in Eq. 5.72, can be 
linearized in (Tg4 - Ti4), by replacing it by a(Tg4 - Ti4 ) Ai 
(h/4oTgi3), in which Tgi is a mean temperature that can be adequately 
represented by the arithmetic mean of Tg and Ti* Eq. 5.72 becomes,
Ar=l <GS1>R + A1 4oT 3
g i
cr(T 4 - T 4 ) g 1 (5.73)
The grey-gas model used in Eq. 5.73 can be replaced with a real-gas 
model. (GSi)r <r(Tg4 - Ti4) should really be (GSi)r Tg4 - (GSi)r Ti4 . 
In the range of operation of industrial furnaces GSj is found to vary 
almost exactly inversely with gas temperature (Hottel and Sarofim 
1967). Hottel and Sarofim (1967) further suggest that GSi may be 
expected to vary the same way with Ti that GSi varies with Tg, that is, 
GSi.Tg = GS2.T1. Thus, it can be written,
(GS, )„ T 4 - (GS )_ T 4 = (GS ) (T 4 - T T 3) 
x 17R g v 1 R 1 v l'R g g 1
(GS ) (T 4 - T 4 ) 1 1 ;R v g 1 J
1 - k3
1 - k4
where k represents Ti/Tg. With this egression Eq. 5.73 becomes,
The new definition of reduced firing density, D ’ is
(5.75a)
(5.75b)
The heat transfer system in the furnace chamber can be described by.
A combination of the well-stirred furnace model is to be used here in 
conjunction with the adiabatic, dissociated flame temperature model, in 
order to produce a variation in the flame conditions at different 
air/fuel ratios. This is not a strictly legitimate way of applying the 
well-stirred model as proposed by Hottel (1961), but will nevertheless 
give a more realistic variation in the way the model reacts to changes
(5.76)
(5.77)
(5.78)
where the total net heat transfer to the sink surfaces (1) is,
(5.79)
in the input conditions. In addition, the recuperator system can also 
be integrated into the model to allow for variation in the flow rates 
and stream temperatures.
A computer program of the model was compiled by the author, the 
flowsheet for which is given in Figure 5.9 (see Appendix XIII for the 
program listing). The mathematical model is based around the solution 
of Eq. 5.3, that is.
H - 6 T - A - T 
F cr o-— — - =  -- — — —  (5.3)
H_ T ' - TJP AF O
where Or is described by Eq. 5.79, and Tap’ is the dissociated 
adiabatic flame temperature. Using Hottel's (1967) approximation for 
A, that is.
&r < * » ’ - *0 >A = — -- — ---- —  (5.9)
4V  .
and substituting into Eq. 5.3 and rearranging,
T =
g
1 - 0.75
hf
(T__' - T ) + T (5.80)v AF O O v *
since Qr is a rather complex function of Tg, an iterative procedure is 
required to evaluate the correct furnace gas temperature. in addition 
the air preheat modifies the flame temperature. To evaluate the degree 
of preheat for a given furnace outlet temperature, a series of 
theoretical performance curves for the recuperative burner have been 
derived (see Figure 5.10). These were obtained from the mathematical 
model of the recuperator described in Section 5.6.1. For each of the
CALL FLAME
CALL PHYSIC
IS
NO
g(new)
YES
CALL RECUP
NO
(♦involves an 
interpolation 
routine)
YES
NEW
Air/Fuel
Ratio
NO
g(old) 
within 
convergence 
\criteria /
/  IS \
(AT)AIR(new) ” (AT)AIR(old) 
within 
convergence 
criteria
STOP
ADJUST T
NEW Air Preheat
NEW
Air/Fuel
Ratio
CALCULATE new T from Eq. 5.80
GUESS Furnace Gas Temperature, T
PRINT OUT Furnace Conditions (Steady State)
•PHYSIC - calculate gas 
physical properties at T
SET System Constants (set Air Preheat to Zero)
INPUT Fuel Firing Rate and Range of 
Air/Fuel Ratios to be Investigated
READ Thermodynamic and Composition Data for Fuel
CALCULATE Gas Emissivities Eqns. 5.29, 5.30
CALCULATE Heat Transfer to Sink «- Eqns. 5.76 to 5.79
CALCULATE Total Exchange Areas «- Eqns. 5.19 to 5.21
CALCULATE Combustion Gas Outlet Temperature Eqn. 5.9
'RECUP' - calculate 
combustion air pre­
heat ( T) __ at new
Tg (Eq. 5.81)*
CALCULATE Convective h.t.c. to heat sink tubes «- Eqns. 5.10 to 5.13
'FLAME' - calculate adiabatic 
dissoc. flame temperature and 
flame gas comp, for given fuel 
a given air preheat
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Figure 5.10 THEORETICAL RECUPERATOR PERFORMANCE (Stoichiometric Cond.)
curves given in Figure 5.10 a polynomial expression has been derived 
for use in the furnace simulation program (for flowrates between those 
given, a linear interpolation is incorporated to derive the air preheat 
through the recuperator). The constants for the polynomials describing 
the degree of air preheat under various conditions, that is,
(AT)M R  = ao + a1.T’ + a2(T')2 + a3(T’)3 (5.81)
are given in Table 5.5,
Table 5.5
Polynomial Constants Relating to Figure 5.10
Combustion Air 
flowrate (kg/s)
Polynomial Constants
ao al a2 a3
0.03 -93.8774 0.22396 2.93861 X 10“4 -4.57201 X 10~8
0.04 -86.3971 0.19562 2.91274 X 10“4 -4.70601 X  10-8
0.05 -61.3019 0.09228 3.70094 X 10“4 -7.31824 X 10“8
0.06 -59.0448 0.09459 3.32503 X 10-4 -5 .83278 X 10-8
0.075 -50.1926 0.06250 3.41558 X 10-4 -6.20903 X  10“8
T ’ in Eq. 5.81 is the temperature of the furnace gases entering the 
recuperator, that is.
T' = Tg - A (5.82)
6. DESCRIPTION OF COMBUSTION TEST BED AND INSTRUMENTATION
6.1 !Bie Gag-Fired Furnace
The gas-fired furnace was built by the Fuels and Energy Research Group 
at the University of Surrey (FERGUS), in conjunction with G.P. Wincott 
of Sheffield. This was originally designed to investigate the 
performance of a Hotwork recuperative burner (Hotwork Dev. Let. 1977, 
Anon 1979), and to assess the reliability and accuracy of an air to 
fuel ratio controller (Churchill 1979, Foulkes 1979). Since the 
completion of these studies, the furnace has been used for 
demonstration purposes.
6.2 Furnace Design
The furnace design is based on the well-stirred, speckled wall 
combustion chamber model, developed by Hottel (Hottel 1961, 1967). The 
design equation is:
Q ’D ’ =
oil1H
i. . .. 
.
4
- T 4 + L ’. r Q'ii - ~ - T
• d..
H
d .
00
+ t o
O' 1 1 -  —
d
- T 4 
00
(6 .1 )
where
T = 
00
00
T.
AF
(6 .2 )
• = refractory loss factor = (6.3)
L ’ = exit loss factor (6.4)
0
T.1
T.1 (6.5)
(6.6)
TAF
D ’ (6.7)
d = 4/3 (for 0.02 < D' < 1.0)
Initial sizing was based on typical values of Q ’ and D' of 0.3 and 0.4 
respectively, both of which core taken in the range associated with 
boilers and tube stills (the unit was to contain a number of 
water-cooled surfaces and a main heat load).
The combustion requirements and output of a 440 KW recuperative burner 
were calculated originally from data given in Table 6.1.
Table 6.1 Derived Data for Gas Furnace
Thermal load Hp = 440 KW
Calorific value of natural gas (net) =36.73 MJ/m3
Total gaseous flow at 5% excess air = 603 kg/hr
Adiabatic (undissociated) flame temperature Tap = 2066°C
Substitution of this data into Eq.6.7 leads to a value for the 
radiative exchange area between gas and surface, (GSi )r  of 0.985 m2.
(GS.) = — ------   (6.8)
€ C €, g s i
Assuming the gas average emissivity, <sg to be 0.3 and the equivalent 
emissivity of the heat sink surfaces, Csei = 0.52, then At , the total 
surface area of the combustion chamber is (Jenkins et al 1980),
At = 4.18m2
Thus, the theoretical confoustion chairiber was constructed to be of, 
Diameter = 0.762m 
Length = 1.542m
Figure 6.1 shows the structure and dimensions of the combustion chamber 
as based on the foregoing design equations.
The whole unit is constructed of mild steel and is lined with a 
hot-face H.T.I. refractory and backed with a Selfrac 23 insulating 
brick. Six, 38mm diameter holes are drilled in the roof of the furnace 
for the insertion of small sampling probes. Provision is made for a 
conventional flue offtake in the furnace roof. Four larger, 76mm 
diameter holes are drilled in the side of the unit for the insertion of 
probes and water cooled heat loads. In the other side of the furnace, 
and opposite the four access ports, four 42 mm diameter water cooled 
targets are mounted flush with the refractory surface. The end section 
of the furnace is designed to accept a 440 kW Hotwork self-recuperative
burner and quarl. This burner is based on a Midland Gas Research 
Station design (Davis 1979), and its operational principles are 
outlined in Figure 6.2. The burner and quarl assembly axe mounted on a 
separate, movable platform which can be rolled away for ease of access 
to the furnace chamber.
6.3 Equipment Installation
A line diagram of the gas furnace installation is given as Figure 6.3, 
showing all gas, air, water and electrical (not electronic) circuits 
together with the ancillary equipment. Figure 6.3 also shows all the 
main variables that were recorded on the data logging system.
6.3.1 Gas-Feed System
Natural gas, from a laboratory ring main, is supplied at 2 8  mbars to 
the burner unit. The installation consists of a 2  inch B.S.P. mild 
steel supply pipe together with a gas governor. The pilot is supplied 
via a steel pipe, ( i / 2  inch B.S.P.). The main gas flowrate is measured 
by a roots type, positive displacement meter with an electronic pulse 
output. A pressure switch is used as the gas flow proving device for 
light-up and safety.
The gas flowrate is controlled by a motorized valve (butterfly type), 
operated manually via a switch. This valve is mechanically linked to a 
butterfly valve situated in the eductor air supply line. This was 
installed in order to control the induced furnace pressure at various 
firing rates.
The need to induce flue gas suction by the eductor air stream was, 
however, found to be unnecessary by previous workers (Jenkins 1980, 
1981) on this furnace. It was found that the natural draught created 
was adequate for normal furnace operation. The eductor system was 
dismantled.
6.3.2 Combustion Air System
The combustion air is supplied by a 10 HP Sturtevant centrifugal fan. A 
pressure switch was mounted in the air line for light-up and safety.
The air flowrate is measured by means of an orifice plate assembly 
(bore = 49.29 mm, j3 = 0.485). A butterfly valve in the air line is 
used to control the flowrate. This can be linked to the air/gas ratio 
controller that is installed on the furnace (Churchill, 1979). The 
electronic air/gas ratio controller, developed by British Gels Midland 
Research Station, operates by sensing the air and gas flows using 
thermistor anemometers, comparing the flow signals electronically and 
using any difference between these signals to move a ratio control 
valve in the direction necessary to return the air/gas ratio to the 
desired value.
The combustion air line was constructed of plastic piping, 100mm in 
diameter.
6.3.3 Flue Gas system
The flue gases are ducted to the laboratory’s main flue via a 150 mm 
diameter duct. Flue gas flowrate monitoring is via am orifice plate 
constructed from stainless steel (type 304) sheet (BS 1042, 1964);
(bore diameter = 92.7 mm). The flue back pressure is controlled by 
means of a hand-operated damper situated close to the main laboratory 
flue.
6.3.4 Compressed Air System
The gas furnace compressed air system supplies air to cool the main gas 
burner via its sleeve, to cool the ultra-violet flame detector, and to 
premix the gas pilot feed.
6.3.5 Instrument Air Supply System
The quality of the available utility air was inadequate for use to 
supply the pneumatic instruments, (the air as supplied from the 
compressor unit required filtering and drying). A number of cleaning 
units were constructed. These consisted of a filter, filter regulator, 
silica gel drying unit and a distribution manifold. The silica gel 
drying unit and distribution manifold were constructed from 18 mm 
diameter copper tube, while the supply lines were fabricated from 6 mm 
diameter copper tubing and brass compression fittings.
6.3.6 Cooling Water System
The cooling water to the furnace and its related devices is supplied 
via a galvanized piping network, 2 inches in diameter. This is 
supplied from the closed loop treated cooling water network in the 
laboratory. The cooling water temperature is controlled by means of a 
forced draught cooling tower.
The total cooling water feed to the furnace is divided into two 
streams. The first, which constitutes the major part, supplies the main 
cooling load in the furnace. The second is distributed to the 
water-cooled targets. Hand operated valves are used to control the 
flowrates.
The total flowrate is monitored by means of a turbine meter which is 
installed in the inlet section of the cooling water pipe. Another 
turbine meter is installed in the inlet arm of the main furnace load. A 
rotameter, which is installed in the cooling water target supply line 
serves to indicate the cooling water supplied to the targets.
Thermocouples are installed in the inlet and outlet lines of the common 
supply and return. The outlet water temperature of each of the targets 
can be measured by means of the thermocouples installed in each of the 
lines. The water flowrate in each of the targets can be monitored by 
means of a combination of an orifice plate and a U-tube.
The main cooling water load consists of five mild steel U-tubes, 25 mm 
in diameter (Figure 6.4). The system is supported by means Of a gantry 
which can be used to adjust the depth of insertion of the tubes inside 
the furnace. The conventional flue offtake (see Figure 6.1) is 
utilized for mounting the main cooling load.
6.3.7 Heat Flux Meter Cooling System
Cooling water for the heat flux probe is supplied from the mains. The 
flowrate is monitored by means of a rotameter and a turbine meter. The 
turbine meter, which is similar to those used on the furnace cooling 
system is to enable automatic recording of the water flowrate. The
cooling water inlet temperature is recorded via a thermocouple situated 
close to the flow measuring devices. The probe water outlet 
temperature is monitored by a thermocouple mounted on the heat flux 
probe outlet tube (Figure 6.3).
6.3.8 Flue Gas sampling System
The flue gas sample extraction probe was designed such that a 
representative sample of the flue gases is taken from the duct width. 
The probe is situated in a region of the flue gas stack close to the 
recuperative burner outlet. The probe is constructed from stainless 
steel, 10 mm in diameter, and is perforated in spiral patterns with 
holes 1 mm in diameter (sixteen in all).
The flue gas samples are extracted by means of a pump. Before reaching 
the compressor, a gas sample is passed through a series of driers and 
filters to remove any moisture and particulates. The sample 
conditioning consisted of two catchpots immersed in iced water through 
which the sample first passes. Next is a filter unit consisting of a 
thick glass-walled, wide bore tube containing silica-gel. The sample 
is then passed through a bed of silica-gel and more animal wool before 
entering the pump. The pump then deliveres the sample via a common 
manifold to the analysers. The flow rates through the analysers are 
controlled and measured by means of needle valves and rotameters. A 
switching facility is incorporated for directing appropriate 
calibration gases through each of the analysers.
The analytical instruments available consisted of a Neotronics 
electrochemical oxygen analyser (type Otox 90/91). Carbon monoxide and 
carbon dioxide concentrations were measured by means of infra-red 
analysers (Analytical Development Co. Ltd. 1980 and 1982).
The system lines were fabricated from copper tubing prior to the sample 
conditioning stages and of thick walled nylon tubing thereafter.
Figure 6.5 shows details of the sampling conditioning system and the 
associated pipework and analysers.
General views of the gas furnace and its associated equipment are shown 
in Plates 6.1 to 6.3.
6.4 Furnace Instrumentation
Measurement of the process variables that describe the heat transfer to 
and from the furnace, are carried out with the use of mainly standard 
procedures (see Sections 6.4.1 to 6.4.5). Wherever possible the 
process variables are monitored and recorded on the data logging 
facility described in Section 4.1.2. This requires a considerable 
degree of instrumentation with need for regular calibration and, as in 
all automated processes, a facility for frequent manual checks on the 
integrity of the indicated process values.
6.4.1 Temperature Measurement
Bare thermocouples attached to the outer surface of the combustion 
chamber are used for measurement of the outer skin temperatures. The 
temperatures of the inside surface of the furnace refractory are
measured by means of four thermocouples, each of which is inserted 
inside a ceramic sheath. The thermocouple sheaths are positioned in the 
refractory walls such that the enclosed thermocouple hot junctions lie 
in one plane along the axis of the furnace chamber. The ceramic tubes 
are installed alongside each water-cooled target, and are spanned 
equally along the furnace length (Figure 6.3).
Six thermocouple elements are attached to the outer surface of the 
cylindrical section of the furnace, being positioned such that an 
average skin temperature could be obtained for the cylinder. These 
thermocouples are averaged electrically via two compensating leads. The 
average skin temperature of the back-end surface of the furnace was 
measured by means of two thermocouple elements attached to the surface. 
The elements are averaged electrically via a single set of compensating 
leads. The front end temperature is measured in a similar fashion.
The temperature of the cylindrical section of the recuperator outer 
skin is measured by two thermocouple elements (again, averaged 
electrically), one attached on either side of the cylinder.
All thermocouples are of type K (NiCr/NiAl), except those used for the 
measurement of the refractory hot face temperatures and flame 
temperature, which are type R (Pt/Rh 13% Pt/Rh).
Some type K thermocouples were relayed by compensating leads to a panel 
mounted Comark 20 Channel, 1694R, selector unit and displayed on a 
Comark (type 3501), panel mounted digital temperature indicator (Table 
6 .2 ).
Type R thermocouples were relayed via a compensating lead to a panel 
mounted Comark digital temperature indicator (10 channels, type 5665) 
(Table 6.3).
Temperatures which were to be monitored and recorded continuously were 
connected to the Data Logging Service (DLS).
The thermocouples used in the heat flux meter probe were of type T (Cu 
-Cu/Ni) and were also connected to the DLS. Table 6.4 summarizes all 
the process variables connected to the DLS.
6.4.1.1 Flame Temperature Measurement
The initial investigations on the furnace consisted, in part, in 
mapping the gas temperatures at various positions in the combustion 
chamber (see Section 8.3). A 3.6m LAND suction pyrometer was used for 
this investigation, this being capable of measuring gas temperatures in 
excess of 1600°C.
The gas temperatures as indicated by a type R thermocouple were 
recorded manually from a hand held digital indicator.
6.4.2 Measurement of Flame Emissivity
To obtain the average emissivity of the flame at various fuel to air 
ratios, use was to be made of a short focus twin beam pyrometer. This 
instrument, based on the modified Schmidt method (Land Pyrometers Ltd. 
1980) was designed originally for FERGUS. The twin beam pyrometer 
makes use of a hot and cold target viewed through the flame. By way of
some simple assumptions (Land Pyrometers Ltd. 1980), both the average 
flame temperature and the average flame emissivity can be derived for 
the particular field of view.
Unfortunately the instrument had suffered mechanical damage to the wide 
band infra-red lens situated at the front of the pyrometer. It was 
found that it could not be used with any confidence and, despite every 
attempt to obtain a replacement lens, measurement of the flame 
emissivity was not possible in the time available.
6.4.3 Measurement of Flow Rates
6.4.3.1 Natural Gas
The natural gas flowrate was monitored via a Roots type positive 
displacement gas meter. This gives a pulse output proportional to the 
amount of gas passing through the rotor vanes. This was installed in a 
vertical section of the gas supply line with a fine filter screen 
immediately upstream to prevent any solid particulates from fouling the 
rotor mechanism. A frequency-voltage converter was fabricated in the 
Chemical Engineering Department's electrical workshop to enable direct 
monitoring of the gas flowrate on the DLS.
6.4.3.2 Combustion Air and Flue Gas
The flowrate of combustion air is monitored via a Foxboro' Yoxall 
electronic differential pressure transmitter (type E13DM), which was 
mounted across the air orifice assembly. Likewise the flue gas 
flowrate is monitored in a similar fashion, here using a pneumatic 
differential pressure transducer (type 15A1) across the flue duct
orifice plate. The pneumatic output of the flue gas transducer is 
converted to a current signal (4-20mA), by means of a Foxboro' Yoxall 
converter (type 66 FR-2).
The current output from both transducers is connected to the DLS where 
the signals cure linearised to give a direct output in terms of flow per 
unit time.
6.4.3.3 Cooling Water
The generated frequency from each turbine flow meter (Section 6.3.6) is 
converted to a linear current signal (4-20 mA), by means of a 
Lee-Dickenson frequency/current converter.
As mentioned previously, turbine meters were installed to monitor the 
total furnace cooling water supply, the main furnace cooling water load 
and the cooling water to the heat flux probe. The rotameters which 
were installed in the total cooling water line and the heat flux probe 
line, were used to serve as a readily observed means of monitoring the 
water flowrate. This is especially important since any lengthy 
interruption in the cooling water supply could result in a catastrophic 
failure of the furnace refractory and the heat flux meter.
6.4.4 Pressure Measurement
Foxboro* Yoxall electronic differential pressure transmitters (type 
E13DM), were installed on the combustion air and flue gas lines. The 
high pressure connection of the transmitter was connected to the low 
pressure leg of the orifice assemblies while the low pressure 
connection was left open to atmosphere.
The combustion chamber pressure was monitored by means of a Furness 
micromanometer, type FC001. The output from the micromanometer (0-1V) 
was conditioned by the DLS to give an output in terms of mm. water 
gauge.
A liquid in glass U-tube pressure gauge was used to monitor the natural 
gas supply pressure at a point very close to the burner.
6.4.5 Flue Gas Analysis
Two in-line calibration cylinders were installed, one containing pure 
nitrogen ('zero grade') for the zero point calibration, and the other 
containing a mixture of 350 vpm carbon monoxide and 15% carbon dioxide 
(balance nitrogen), for the span calibration. These formed an integral 
part of the flue gas analytical equipment (Figure 6.5).
Measurements of the various constituents of the flue gases are given on 
a volumetric 'as dry’ basis. The gas analysis measurements could, like 
the previously mentioned instrumentation, be transmitted via electrical 
outputs to the DLS. However, due to the relatively high percentage of 
water vapour in the flue gases, a continuous reading from the gas 
analysers would result in rapid exhaustion of the silica gel. It was 
found that only a matter of some 15 minutes continuous running would 
result in wet gases being passed into the analysers (as indicated by 
the colourless nature of hydrated silica gel). Since this would result 
in permanent damage to the analysers it was decided to run the gas 
analysis system on a discontinuous basis. Consequently the flue gas
composition was not output to the DLS but was recorded manually and the 
time noted in order to compare with system variables recorded on the 
DLS.
/ The analysers used (Section 6.3.8) were left switched on continuously 
for the duration of the furnace trials to minimise the possibility of 
instrument drift, and because of the excessive time required to attain 
a steady reading after being switched on. Calibration of each of the 
analysers was carried out at the beginning of each trial and at random 
time intervals during each trial, or whenever a reading was suspect.
No analyser for water vapour was available and as such no direct 
measurements of the water vapour concentration were taken.
6.4.6 Calibration of Instruments
All differential pressure transducers for the flowrate measurements 
were calibrated off-line initially. After being re-installed and 
connected to the DLS (whereupon the output was converted to volumetric 
flowrate), each one was checked at various flowrates against the 
flowrate as indicated by a pitot tube transverse. This procedure 
yielded very satisfactory results. The pressure transducers used to 
measure the static pressure in the combustion air and flue gas lines 
were bench calibrated using a water column, whose range covered that 
expected in actual operation.
The turbine flowmeters and rotameters were calibrated by weighing the 
amount of water collected over a period of time.
All thermocouple elements (type K) used were checked against a mercury 
in glass thermometer, held at various temperatures in a constant 
temperature water bath. The reading of each of the thermocouples, as 
indicated on the DLS was compared with that indicated on the mercury 
thermometer. Whenever there was an error greater than l°C between the 
thermocouple readings (as displayed) and that of the thermometer, the 
thermocouple was replaced.
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Table 6.2  
Thermocouple 
Arrangement 1
Table 6.3 
Thermocouple 
Arrangement 2
Thermocouple
type Service/Position
Terminal 
Tag No.
Ni Cr/Ni A1 Inlet water to main load of furnace 
(targets excluded)
1*
ft tt Outlet water from main load of furnace 
(targets excluded)
2*
ff «f Inlet water to header of furnaces' 
targets
3*
It tt Outlet water, common header for targets, 
heat flux probe, flue gas sample cooler 
and pyrometer cooling water
4
It tl Outlet water, back wall end-side wall 
target
5
tl ft Outlet water, back wall middle-side 
wall target
6
tt II Outlet water, burner wall middle-side 
wall target
7
tt I* Outlet water, burner wall end-side 
wall target
8
II • » Inlet raw cooling water to heat flux 
probe
9
If II Outlet raw cooling water from heat 
flux probe
10
It II Flue gas ex-recuperator 11
tt II Combustion air after pre-heat 12*
tl • 1 Combustion air downstream orifice (inlet) 13*
It II Natural gas downstream orifice (inlet) 14*
ft II Flue gas downstream orifice 15*
It II . Inlet water to cooler of flue gas sample 16
It It Outlet water from cooler of flue gas sample 17
It • » Flue gas sample after cooler 18
• 1 tl Outlet water from pyrometer 19
If It Outlet water from furnace and related 
parts - final water header
20*
* connected to DLS
Thermocouple
type Service/Position
Terminal 
Tag No.
Pt/13* Pt Rh Furnace side wall, back wall end 1*
• 1 tt Furnace side wall, back wall middle 2*
i • tt Furnace side wall, burner wall middle 3*
•i it Furnace side wall, burner wall end 4*
it ii Suction pyrometer connection 5
* connected to DLS
Table 6.4 Process Parameters Logged on DLS
G A S  F U R N A C E
CH 1 NATURAL GAS FLOWRATE
CH 2 NATURAL GAS INLET TEMP. (near Orifice)
CH 3 NATURAL GAS LINE PRESSURE
CH 4 COMBUSTION AIR FLOWRATE
CH 5 COMBUSTION AIR INLET TEMP. (near Orifice)
CH 6 COMBUSTION AIR INLET TEMP. (after Preheat)
CH 7 COMBUSTION AIR LINO PRESSURE
CH S FLUE GAS FLOWRATE
CH 9 FLUE GAS TEMP. (Recuperator inlet) ( N / A )
CH 1 0 FLUE GAS TEMP. (cx-Rccuperator)
CH 1 1 FLUE GAS TEMP, (near Orifice)
CH 1 2 FLUE GAS LINE PRESSURE
CH 1 3 COMBUSTION CHAMBER PRESSURE
CH 1 4 TOTAL WATER FLOWRATE TO FURNACE
CH 1 5 WATER TEMP. IN - TOTAL FURNACE C/W
CH 1 6 WATER TEMP. OUT - TOTAL FURNACE C/W
CH 1 7 WATER FLOWRATE TO FURNACE LOAD
CH 1 8 WATER TEMP. IN - FURNACE LOAD C/W
CH 1 9 WATER TEMP. OUT - FURNACE LOAD C/W
CH 2 0 AMBIENT AIR TEMPERATURE
CH 21 REFRACTORY WALL TEMP. - No.1 T.CPLE
CH 2 2 REFRACTORY WALL TEMP. - N o . 2 T.CPLE
CH 2 3 REFRACTORY WALL TEMP. - No.3 T.CPLE
CH 2 4 REFRACTORY WALL TEMP. - No.4 T.CPLE
CH 2 5 RECUPERATOR OUTER SKIN TEMP, (average)
CH 2 6 FRONT END SKIN TEMP, (average)
CH 2 7 CYLINDER SKIN TEMP. (Stores side)(average)
CH 2 8 CYLINDER SKIN TEMP. (Wall side)(average)
CH 2 9 BACK END SKIN TEMP, (average)
CH 3 0 FLUE GAS 0, (WESTINGHOUSE METER) ( N / A )
CH 3 1 FLUE GAS 02 (NEOTRONICS METER)
CH 3 2 FLUE GAS CO
CH 3 3 FLUE GAS C02
C H 3 4 PROBE 3 DISC PERIPHERY TEMP.
CH 3 5 PROBE 3 DISC CENTRE TEMP.
CH 3 6 PROBE 3 C/W FLOWRATE
CH 3 7 PROBE 3 WATER INLET TEMP.
CH 3 8 PROBE 3 WATER OUTLET fEMP.
CH 3 9
C H A O
Plate 6.1 General View of the Gas Fired Furnace

Plate 6.2 Gas Analysis System

Plate 6.3a Feed and Control Lines to Gas Furnace
Plate 6.3b Furnace Control Panel and Data Handling
Facilities

7. RESDKTS OF EXPERIM3fI3VL INVESTIGATIOWS
OH THE GAS—FIRED FURNACE
In order to study the performance of the heat flux meter in a 
combustion system, two programmes of work have been carried out.
(1) A theoretical study has been undertaken, using the theoretical 
analysis developed previously (Section 5), in an attempt to 
simulate the steady state operation of the system. As a result of 
this a better understanding of the heat transfer processes will be 
gained and, compared with the experimental results, disclose any 
theoretical inadequacies (see Section 8.3).
(2) An experimental investigation has been conducted on a pilot size
gas-fired furnace, during which measurement of the process
temperatures,pressures, flowrates and compositions has been 
/ ■
performed.
7.1 Furnace Experimental Investigations
The furnace trials undertaken were all carried out using the 
4rr-steradian heat flux meter positioned in the furnace port furthest 
from the burner assembly. This was chosen in preference to the others 
since here, impingement of the flame on the probe is minimized, and the 
meter is situated close to the main cooling water load. This will 
facilitate in testing the heat meter close to a cold surface, that is, 
in a non-uniform radiant field. In addition the effects of convective 
heat transfer on the hot shield surface (if any) may be inferred from 
the effects of the combustion gases on the cold heat sink surfaces.
The main trials entailed the measurement of the process variables given 
in Table 6.4. From this data, the effects of the air/fuel ratio upon 
the heat transfer in the furnace chamber can be assessed with 
particular reference to the heat flux meter output.
7 .2 Experimental Procedure
Over the entire test period, all electrical devices were left on in 
order to ensure minimal disturbance to the instruments. With the heat 
flux meter installed, the furnace was fired up initially at a low fuel 
feed rate. Immediately after the furnace start up, the data logger was 
switched on. The process variables were scanned by the data logger 
every sixty seconds, the data being stored on magnetic tape, in 
addition to this, a hard copy printout of the logged data was obtained 
every five minutes.
After a short period of time, the pilot gas was switched off and the 
air/fuel (thermistor type) controller engaged. From this point the gas 
rate was gradually increased until the test conditions were attained.
The test procedure for each run consisted of initially achieving 
’steady state' conditions and then either, (a) disengaging the air/fuel 
controller and, for a constant gas rate, changing the air rate, or (b), 
disenaging the air/fuel controller and, for a constant air rate, 
changing the gas rate ( part of RUN5). Of these two the former was the 
main experimental method. Each experimental run lasted for between 
seven and a half, and eight and a half hours. The main experimental 
runs (and derived parameters) carried out on the gas furnace are given 
in Figure 7.1 to 7.20.
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8. DISCOSSIOH
8.1 Calibration of the Heat Flux Meters
8.1.1 The 2Tr-Steradian Heat Flux Meter
The radial disc type of heat flux meter has proved on the whole to be 
good choice. It has shown itself to be quite flexible in terms of 
optimising the size of the disc for various heat flux ranges (cf., 
HFM3(A) and HFM3(B )). For example, in order to achieve a greater 
degree of sensitivity, the disc radius to thickness ratio should be 
increased (this will also result in a system that is more readily 
represented by a one-dimensional mathematical model (Section 3.2.5.2)) 
Furthermore, decreasing the mass of the heat sink block will result in 
a more rapid response to changes in heat flux (see Section 4.3.1). 
Manufacture of the sensor has proved to be relatively simple compared 
to other heat flux meter designs, however a certain amount of care and 
accuracy is required during the fabrication. This is especially true 
when the thermo-electric connections are being made.
The actual calibration of the plane-headed heat meter proved to be 
relatively straightforward under both steady state and transient 
conditions. The major source of error associated with this probably 
arose from the evaluation of the electric muffle furnace average wall 
temperatures. The wall temperatures were taken from a point source, 
that is, one thermocouple attached to each of the six walls (only five 
were utilised for this particular analysis (Appendix VII)). In order 
to minimize the error in assuming the whole of each wall to be at the 
temperature indicated by the thermocouples, a series of temperature 
maps of the walls were produced for the Carbolite 1000°G muffle
furnace. It was found that a correction term was required for each of 
the walls and that this term was a function of the muffle furnace 
setting. At high temperatures the thermocouple readings were found to 
be more representative of the average radiating temperatures of the 
walls. This is to be expected since at high temperatures the greater 
radiative exchange results in a more even distribution of temperature 
in the furnace cavity. The CRC 1600°C muffle furnace was tested in a 
similar fashion to the Carbolite furnace. Here a correction term was 
not required because of the superior insulating qualities of the 
furnace walls compared to those of the Carbolite furnace. Despite 
these checks on the calibration furnace walls, it is considered that an 
error of some 5% could be incurred in the evaluation of the radiant 
energy exchange at the heat flux meter surface. Convective heat 
transfer effects at the probe head are, from Figure 3.14(d), not 
considered to be important since the atmosphere within the muffle 
furnaces is stagnant. The maximum error therefore that can be 
associated with convective effects will be less than 1%. This would 
not be the case if the air flow over the probe head were significant.
Probably the most important intrinsic feature of radial heat meters to 
come out of this study, is the mode of connection of the sensor to the 
heat sink. An effort has been made throughout this study to produce a 
heat flux meter that can be altered easily to accommodate various heat 
flux ranges simply by interchanging the sensor head. Of the two 
designs shown in Figures 3.7 and 3.8, the screw attachment of 
HFM3(A)/Probe 2 (Figure 3.7) is the more favoured, since the sensor 
body is in direct contact with the heat sink medium (the cooling water)
, and therefore will respond more rapidly to thermal changes. 
Unfortunately there are problems associated with the electrical 
connections to the sensor head, namely the wiring must pass through the
cooling water streams. This arrangement requires the use of a 
complicated sealing arrangement, which during the calibration 
procedures began to fail (Section 4.2.2). The other design (HFM 
3(B)/Probe 3) avoids these problems due to the annular nature of the 
water-cooled arm (Figure 3.8). However this design has, from the 
calibration results, shown itself to interfere with the disc operation 
if care is not taken. From Section 4.2.5 it was concluded that the low 
temperature solder used to attach the sensor head to the cooling a m  
may produce a thermal short circuit across the disc, resulting in a 
reduced output from the heat flux meter. This has shown itself up in 
the calibration experiments, which, from Section 4.2.3 produced the 
relationship.
q = 2.012
„ 4 k S1 o
R2
AT 1 + b
AT
. 2
+ T - 7208.0 (Cf.,4.28)
in the range.
27,000 W/m2 < q < 485,000 W/m2 
R
(cf.,4.29a)
where q is in W/m2. The accuracy of Equation 4.28 is given as,
±10% for 100,000 w/m2 < q < 200,000 w/m2 
and, ±5% for 200,000 W/m2 < q < 485,000 W/m2
(cf.,4.31a) 
(cf.,4.31b)
It can be seen from Equation 4.28 that the output from the heat flux 
meter HFM3(B) is approximately half what it should be according to 
one-dimensional analysis. However, despite this problem, HFM3(B) 
produced a remarkably linear calibration (cf., Figure 4.9), as did 
HFM3(A), (cf.. Figure 4.6).
The effects of the cooling water flowrate, or, more specifically, the 
convective heat transfer coefficient, has shown itself to be important 
from the point that it affects the disc base temperature. As a result 
the disc thermal conductivity may alter significantly and hence must be 
included as a variable when describing the operation of the disc. 
Nevertheless the cooling water flowrate is not a critical parameter so 
long as it is kept above a certain level (for HFM3(B)/Probe 3, a 
minimum flowrate of 8.333xlQ“5 m3/s is recommended).
8.1.2 The 4rr-Steradian Heat Flux Meter
Despite the problems involved in fabrication, the ceramic shield 
material has proved to be a good choice and has shown itself to have no 
deleterious effects upon the operation of the water-cooled sensor. The 
fabrication of the shields proved to be fairly difficult but resulted 
in dimensionally consistent pieces that were all usable (Section 3.3). 
The main problem with the shields was that they required a very thin 
wall thickness, (a) in order to prevent them failing due to thermal 
stresses, and (b) to produce a fast response time. Fortunately the 
shields (wall thickness = 2.5 mm) performed satisfactorily up to 1470°c 
and at heating rates in excess of 6°C/second during calibration.
The effect of coating the exterior surface of one of the shields (see 
Plate 3.3) with a high emissivity coating proved to be of interest. In 
terms of the steady state calibration, the difference in using either a 
coated or uncoated shield with the water-cooled heat meter was not 
significant, that is, for,
q = C.
€’
4 k s 
o
R2
AT 1 + b AT + T . + K ( C f .,4.41)
Uncoated Shield:
C = 2.063, K = -1526 W/m2, e* = 0.852; (cf.,4.42a)
29.000 W/m2 < q < 146,000 W/m2 : actual flux = q ± 10%;(cf.,4.42b)
146.000 w/m2 q < 500,000 w/m2 : actual flux = q ± 5% (Cf.,4.42c)
Coated Shield:
C =  2.018, K = 15226 W/m2, €' =0.900; (cf.,4.43a)
29.000 w/m2 < q < 71,000 W/m2 : actual flux = q ± 10%; (cf.,4.43b)
71.000 w/m2 < q < 400,000 w/m2 : actual flux = q ± 5% (Cf.,4.43c)
The transient behaviour of the shields, however, differs due to their 
dissimilar surface characteristics. This difference, which is 
attributable to the surface emissivities, is shown theoretically in 
Figure 4.23, and illustrates the improved response time of the coated 
shield. Due to the problems associated with the transient analysis of 
the 4rr-steradian heat meters (Section 4.3.2), results were only taken 
using the coated shield.
One important factor that must be considered when assembling the 
4rr-steradian heat meter is that the water-cooled sensor head is 
correctly positioned. This must be placed in lirte with the curved 
surface of the spherical end of the shield. If this is not done, then 
the indicated heat flux may be significantly different from the actual 
flux. This would be particularly true Where there are radiating 
surfaces at significantly different temperatures. Figure 8.1 shows the 
effect of moving the water-cooled sensor head along the cooling arm 
axis. Here it can be seen that only a small error is introduced if the 
head is not aligned correctly, however, this is to be expected since 
there is little variation in the heat flux in the muffle furnace cavity 
(that is, the wall temperatures are all very similar). One possibly
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significant point that has been omitted from this calibration work, is 
the performance of the heat flux meter in a highly irregular radiative 
field. This may be important if the radiation intensity is 
significantly higher at the rear of the shield than from any other 
point (see Figure 8.2)
Fraction of 
Spherical Surface 
Missing * 6 . 5 %
Figure 8.2
From this arrangement, because there is a proportion of the ceramic 
sphere missing, a high wall temperature, for example at Tc , would lead 
to the instrument indicating a lower total heat flux than is actually 
present. In order to minimize this source of error, the area Ap should 
be made as small as possible compared to area Ac.
8.2 Performance of the 4ir-Steradian Heat Flux Meter 
in the Gas-Fired Furnace
8.2.1 Steady State Analysis
The effect of varying the air-fuel ratio gives rise to a peak heat 
flux meter output on the air rich side of stoichiometry (Figures 7.1, 
7.5, 7.9, 7.13 and 7.17). This is to be expected since in a real 
system, due to the imperfect mixing of air and fuel an excess of air is 
required to achieve optimal combustion. A comparison can be made, 
under quasi steady state conditions, of the effects of the air-fuel 
ratio on various parameters within the furnace. Figure 8.3 shows the 
effect of the air-fuel ratio upon the flue gas composition and heat 
flux probe output for Runs 1 and 4. These indicate that the peak heat 
flux at the rear of the gas furnace occurs further over in the air rich 
zone of combustion than does the carbon dioxide peak. Furthermore, the 
position of the maximum heat flux signal appears to be nearer to 
stoichiometric conditions for the higher of the two firing rates (ie., 
0.003 kg/s natural gas). This is also apparent for the peak carbon 
dioxide level. Another important observation from the furnace trials 
is that of the variation in the energy output from the main furnace 
cooling load, with air-fuel ratio. Figure 8.4 shows this variation, 
again for Runs 1 and 4, and compares this with the heat flux probe 
signal. From Figure 8.4 it can be seen that, whereas both heat flux
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meter signals reach a maximum, the heat transfer rate to the furnace 
load continues to increase with excess air for Run 4, and peaks at <t> =
1.32 for Run 1. The reason for the maximum energy output in the 
cooling water being so far over in the air-rich region must be due to 
the increasing effect of convective heat transfer caused by the 
additional mass flow through the furnace. Logically, this must more 
than compensate for the fall in the radiative heat transfer rate as a 
result of there now being a cooler flame. The heat flux probe will not 
detect this enhancement in the rate of convective heat transfer to such 
an extent, since the ceramic shield is hot, whereas the water-cooled 
surfaces of the furnace load are cold (this produces a considerable 
difference in the heat transfer driving force).
8.2.2 Unsteady Stats Analysis
During the gas furnace trials, the rate at which the furnace was 
brought up to temperature was dictated by the heat flux meter ceramic 
shields. This was more an exercise in caution with regard to 
minimising the possibility of overheating the shields which may have 
resulted in the formation of thermal stress cracks. However, as can be 
seen from Run 2 (Figures 7.5 to 7.8), a series of flame failures 
occured immediately after which the furnace was restarted. This 
produced what amounted to a series of severe changes in the thermal 
load which the heat flux meter was subjected to (see Figure 8.5). After 
the furnace trial the heat flux meter was removed from the furnace and 
examined for cracks. However, none were evident and the meter was 
re-installed.
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The gas furnace trials were conducted such that a range of air-fuel 
conditions were investigated on a random basis. It was found from this 
that for a given air-fuel ratio, the heat flux meter output could be 
different if this ratio was approached from either the air-rich side or 
the fuel-rich side. This phenomenon would appear to be a function of 
the state of the recuperator temperatures at the time of a change in 
the air-fuel ratio, acting so it appears as a heat storage unit, 
thereby introducing a series of modifying thermal transients.
In general the output of the heat flux meter responds promptly to 
changes in the input variables, that is, the air and gas rates. From 
this it would seem that the transient behaviour of the meter is 
sufficiently fast to enable such a device to be used in a combustion 
control scheme. This is discussed further in Section 8.4
8.2.3 Condition of the Heat Flux Meter after Furnace Trials
After the gas furnace trials had been completed, the heat flux meter 
was removed for a detailed examination (Plate 3.4 was taken after the 
furnace runs). The ceramic shield used throughout the trials appeared 
to have suffered no physical damage and the surface characteristics 
looked unchanged despite the fact that at times the spherical shield 
end was immersed in a substoichiometric (and very sooty) flame. The 
water-cooled heat flux probe appeared to have suffered no damage or 
ageing effects whatsoever.
8.3 comparison of Results with the Well-Stirred Furnace Model
The furnace model developed in this work is based on the assumption 
that the combustion chamber is well stirred, in order to validate this 
assumption, the first few runs carried out on the gas furnace were 
investigations into the variations of temperature and combustion gas 
concentration within the furnace chamber. The results of these 
investigations are shown in Figure 8.6 (a and b) and show that, as 
expected, the combustion chamber does approximate to a well-stirred 
system. It can be noted also that the flame appears to be offset from 
the furnace axis indicating that the burner needs realigning.
The steady state results obtained from the well-stirred furnace model 
compare favourably with the actual furnace conditions. A number of 
simulations of steady state operation were carried out using the same 
air and fuel conditions used in the trials. For a natural gas flowrate 
of 0.0025 kg/s, Figure 8.7(a) shows the effect of altering the air/fuel 
ratio on the furnace gas composition. This compares favourably with 
the results obtained from the furnace (see Figure 8.3) in that the peak
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carbon dioxide level occurs under air rich conditions. However, the 
heat transfer to the cooling water load is not predicted so well by the 
model since the peak heat transfer occurs under stoichiometric 
conditions theoretically (Figure 8.7(b)) but in reality^ continues to 
increase with excess.air over the range of conditions investigated 
(cf., Figure 8.4). In terms of absolute values the flue gas 
concentrations are in some cases markedly different.
The percentages of carbon dioxide and carbon monoxide are for the 
model, underpredicted and overpredicted respectively. However, as has 
already been discussed on Section 5, without recourse to the more 
complex zoning techniques the predicted values are acceptable, 
especially when taken on a relative basis. The predicted level of 
oxygen in the exhaust gases agrees very well with that in practise. The 
amount of heat transferred to the furnace cooling water load is grossly 
overpredicted by the furnace nodel. This would indicate that either 
the area available for heat transfer is incorrect and/or that the 
convective heat transfer coefficient is unrealistic. It is thought 
that the model is overpredicting the radiant heat release from the 
furnace walls since both model and actual refractory temperatures are 
very similar (cf., Figure 7.15 and 8.7(b)).
From the computed results given it would appear that the technique of 
using the dissociated adiabatic flame temperature in the well-stirred 
furnace model, offers an alternative analytical approach and, in as far 
as variations in the combustion gas composition can be achieved with 
the model, is more realistic.
8.3.1 Criticisms of the Model
Probably the most important error in the furnace model is its inability 
to account for the loss of chemical energy when carbon monoxide is 
formed. If the carbon monoxide formed leaves the combustion chamber 
without further oxidation to carbon dioxide, then a significant 
proportion of the energy which should be available for heat transfer is 
lost. Consequently if this is not taken into account the amount of 
heat transfer will be overpredicted by the model, some of the 
difference between the actual heat transferred to the cooling Water 
load and that predicted (cf., Figures 8.4(b) and 8.7(b)), is probably 
attributable to this fact.
8.4 The Application of Heat Flux Meters for the Measurement and 
Control of Heat Release in Furnaces
8.4.1 Current Furnace Control Techniques
The aim of an automatic mixture ratio control system is to maintain the 
fuel and air supplies to a furnace in the correct proportions, 
regardless of load or supply changes (Smith 1975). This statement 
implies that in order to achieve efficient combustion and therefore 
better furnace utilisation, control over the fuel-air ratio is 
important. Moreover, to attain this desireable state, the question 
"how do we measure furnace efficiency ?", must be addressed. The 
manipulation of the air and fuel rates to a combustion system in order 
to improve efficiency, are based on a number of current techniques.
In general air-fuel mixture control systems can be divided into two 
distinct categories. The first consists of devices designed to deliver 
the fuel and air in some specific ratio to the burner, under all input 
conditions (Foulkes 1979, Churchill 1979), that is, feedforward 
control, and the second, those which rely on the measurement of various 
properties such as flue gas compositions. At present this latter 
technique is quite popular, especially since the introduction of low 
cost microprocessors and relatively inexpensive in-duct oxygen (May 
1975, Kolmer 1977, Hardy 1980) and cross-duct carbon monoxide (Land 
Pyrometers 1985) analysers. Both these techniques do suffer from 
problems however. For control systems based on oxygen analysis, where 
a furnace is operating under reduced pressure, the effects of air 
inleakage can make control very difficult, if not impossible. Carbon 
monoxide is a more sensitive criteria for judging combustion quality 
since its concentration in combustion gases changes rapidly around the 
point of optimum combustion quality (cf., Figure 8.3). However, due to 
this rapid change, there are usually only narrow limits under which 
control action can be taken, before the analyser is out of range.
The use of flue gas analysis techniques to monitor the efficiency of a 
furnace is a system whereby only the quality of combustion is assessed. 
In any combustion system the principle aim is to transfer heat from a 
flame or flames (and often via hot refractory walls), to a heat sink. 
This heat sink could be a cooled surface (boiler tubes), or a furnace 
load requiring heat for thermal treatment (steel reheating), or a 
furnace charge undergoing chemical reactions (lime and cement making).
In many industrial processes it is required that the charge be heated 
at a fairly uniform temperature over a fairly large area. Under these 
circumstances, the 'best' flame for the process (that is, optimal 
production whilst maintaining product quality) may not produce optimum
combustion quality as indicated by the flue gas composition. For such 
cases, some measure of the heat transfer rate and distribution within 
the furnace itself would be of benefit. In this way if the rate of 
heat release and its distribution could be monitored directly, then a 
more efficient control scheme could be implemented.
8.4.2 Direct Control of Flames and Heat Transfer
Direct control of flames has been investigated by Smith (1971, 1975) 
who utilised the thermal emission of particular combustion product 
species to control the air-fuel ratio. Spectroscopic control was 
applied by Smith using the radiant emission bands for carbon dioxide 
(4.4 pun) and for carbon dioxide and water vapour (2.8 pun). Tests 
carried out on a small burner showed that the spectrometer output at 
both wavelengths produced a peak when progressing from a fuel-rich to 
an air-rich flame. This peak emission was found to occur between an 
equivalence ratio of 1.05 and 0.96 for methane, the peak tending to the 
latter value as the fuel throughput increased. A controller was 
developed for this device which was based on the use of a modulator to 
produce regular disturbances in the air or the fuel rate. Comparison 
of the phase difference between the modulator and the spectrometer 
output would give an indication of whether the burner was operating 
fuel rich or air rich. From this, corrective action could be taken to 
restore the air-fuel ratio to its optimum value as indicated by the 
spectrometer peak output . This type of system is termed a peak-seeking 
controller (Marson 1963).
This technique was implemented on a package boiler in order to assess 
its usefulness as a combustion control system (Harfoot 1979). It was 
found from these tests that the radiation peaked at an air-fuel ratio 
just lean of stoichiometric conditions. However, some major drawbacks 
existed. Harfoot (1979) found that,
(i) keeping the radiation detector sighted on the flame at all times 
was difficult due to flame movement;
(ii) flame smoking close to the peak radiation point caused the 
detector signal to fall to zero (this resulted in loss of 
control).
It was concluded that where there was 'good comustion', the controller 
would be able to control the air 'very near the position required for 
maximum radiation'.
Under 'good' combustion conditions the spectroscopic technique 
developed by Smith (1971, 1975), would be particularly useful on 
multi-burner installations, where specific measurements on each burner 
would be possible and (for control purposes) not rely on the flue gas 
analysis, since all the burners could be running at incorrect air-fuel 
ratios, but still give the impression of good combustion from a flue 
gas analysis.
8.4.3 The Use of Heat Flux Meters in Furnaces
Unlike the spectroscopic system used by Smith (1971, 1975) and Harfoot 
(1979), heat flux meters are intrusive type devices which, due to their 
field of view, usually measure both flame radiation and surface
radiation (if any) along with local convective conditions. Also the 
radiant energy absorbed by the heat flux device is independent of 
wavelength.
The 4-tr steradian heat flux meter developed in this work has from the 
gas furnace trials, shown itself to be capable of monitoring radiant 
energy from every aspect of the combustion chamber. Consequently if 
such a meter is placed near say a furnace load, then any changes in the 
radiant field which may affect the heat transfer will be detected by 
the heat flux sensor. The rate at which such changes can be detected 
is of the order of 10 to 40 seconds, depending on the magnitude of the 
radiant flux. Due to the relationship between the heat flux meter 
signal and the air-fuel ratio (Figure 8.3), a peak-seeking technique 
could be used for optimising the heat flux within the furnace. Such a 
control scheme could work along the lines of the modulation technique 
used by Smith (1971, 1975).
With any intrusive type device used in furnaces, the problem of surface 
fouling must always be considered. In this work problems associated 
with surface coatings on the ceramic shield surface, have not arisen. 
This is not suprising since natural gas is a clean fuel. However, in 
furnaces burning heavy fuel oils or pulverised coal this may be a 
problem. Further work carried out on the 4-tt heat meter (Lapwood and 
Walters 1986) has indicated that this may not be so. A series of 
furnace trials carried out on a 750 kW plug-flow type furnace, burning 
gas-oil, 950s. fuel oil and coal-water mixtures, have in each case 
resulted in no surface fouling to the heat flux meter shield.
8.5 Recounendations for Future Work
Due to the nature of the heat flux meter, in that it is designed for 
environments where radiation is the dominant mode of heat transfer, the 
effects of fluid flow over its surface must be investigated. It is 
thought that for highly radiative environments where the gas 
temperature is high and the gas velocity is low, the convective effects 
should not be significant. However, a series of investigations would 
be necessary to validate this statement.
To aid in the development of a control system using the 4-tr heat flux 
meter, the steady state furnace model described in Section 5, should be 
adapted for the analysis of transitint bohaviour. The use of such a 
model would enable different control schemes to be assessed before 
implementing a system on the furnace.
9. OOMCLPSIOHS
The sucessful design of heat flux sensor used in this study, is 
based on the radial disc meter first described by Gardon (1953). 
Initial calibration tests have shown the heat meter will respond 
quickly to thermal upsets and gives a smooth and stable output 
under steady state conditions. Furthermore, calibration of the 
heat flux sensor showed that the temperature difference across the 
disc radius is directly proportional to the radiant heat flux 
incident on the disc surface.
Two radial disc heat meters were manufactured (HFM3( A) and 
HFM3(B)). The relationship describing the performance of the 
radial disc type heat meter is given by,
q =
C 1. 4 kpS
eD R
AT 1 + b AT + T + K
where C and K are calibration constants. For the two radial heat 
meters these were found to be,
HFM3(A) : C = 1.08 , K = 0.0 W/m2
in the range,
27.000 W/m2 < q < 154,000 W/m2
and,
HFM3(B) s C = 2.012 , K = -7,208.0 W/m2 
in the range,
27.000 W/m2 < q < 485,000 W/m2
The confidence limits for HFM3(B) can be expressed as :
± 10% in the range 100,000 W /m 2  < q  < 200,000 W /m 2  and 
± 5 %  in the range 200,000 W /m 2  < q  < 485,000 W/m2 .
Cooling water is supplied to the heat flux meter to act as a heat 
sink for the radial disc (as well as for the supporting arm). The 
relationship between the cooling water flowrate and the heat meter 
signal has been investigated. It was found that, under steady 
radiant flux conditions, altering the flowrate of coolant produced 
a change in the output of the meter. This is due to the change in 
the thermal conductivity of the Constantan disc. Consequently, 
this must be accounted for when evaluating the magnitude of the 
radiant heat flux from the heat flux meter signal.
An empirical equation has been derived which describes the rate of 
heat transfer between a fluid stream impinging on a plane surface 
which is perpendicular to the direction of flow. This fluid 
stream, which is flowing in an annular tube reverses direction 
after impingement on the plane surface, leaving via another 
annular tube. This expression relating heat transfer and fluid 
movement is given as,
Nu = 1 . 0 4 5  ( R e ) 0 . 4  (Pr)l/3
The above equation is derived from a range of cooling water 
temperatures from 9.4°C to 15,1°C, and is applicable for the 
range,
7 6 0  < Re < 2 1 , 5 0 0
where the Reynolds number is based on the velocity of the cooling 
water in the inlet tube. The above expression compares well with 
studies on stagnation point heat transfer rates (Van Driest (Lin
1959), Isachenko et al 1980, Sparrow and Geiger 1985) . The 
expression derived for this work is used in the finite difference 
analysis applied to the radial disc system.
The average time constant of the final radial disc heat meter is
10.6 seconds ± 0.4 seconds, in the range 50,000 W/m2 <q < 350,000 
W/m2 . This was evaluated using a step change analysis. The 
average experimental value obtained compares very well with the 
value obtained from a lumped analysis of the system of 9.66 
seconds.
The 4—tt steradian heat flux meter, calibrated in an identical 
fashion to the radial disc meter, yields a relationship of the 
form,
C 1 4  k p S  
_  2
AT 1 + b
AT
+  T + K
where e* is the effective probe emissivity. For the coated and 
uncoated shields, the following constants were derived,
Uncoated shield s €’ = 0.852
C = 2.063 , K =  -1,526.0 W/m2 
in the range,
29,000 w/m2 < q < 500,000 w/m2 
with error limits,
± 10% in the range 29,000 W/m2 < q < 146,000 
W/m2
± 5% in the range 146,000 W/m2 < q < 500,000 
W/m2
Coated shield: e' = 0.900
C =  2.108 , K = -15,226.0 W/m2 
in the range,
29,000 W/m2 < q < 400,000 W/m2 
with error limits,
± 10% in the range 29,000 W/m2 < q < 71,000
w/m2
± 5% in the range 71,000 W/m2 < q < 400,000 
W/m2
Analysis of the unsteady state response of the 4-tt heat flux meter 
was found to be difficult. The simple step change analysis 
applied to the radial disc heat meter could not be used here due 
to the risk of thermal stress fracture to the ceramic shields. 
Instead a crude form of thermal cycling was employed. It was 
found from this method that the response time is a function of the 
radiative heat transfer coefficient. Comparison of the results 
with a theoretical lumped analysis of the 4-tt heat flux meter, 
showed good agreement.
The heat meter transfer function could be approximated to a first 
order system, that is,
1
T (T) S + 1
o
4- t t
^2 (s) 
^  (s)
Where t0( T) is the overall system time constant at a temperature 
which corresponds to the effective radiative heat transfer 
coefficient, hR at a particular moment in time. For small 
differences between the temperature of the radiative environment 
and the shield temperature, tq (T) can be expressed as a linear 
function. This can be approximated by,
t0(T) % m.T + c
where, for the coated heat flux meter m = -0.0586 s/°K and c =
105.6 s (in the range 850°K < T < 1650°K).
T can be evaluated by making use of the water-cooled probe output 
(since T(radial disc heat meter) < T(ceramic shield))* that is,
'
T a 697.1 AT 1 + 0.00209 AT + T -- O - 1.137
2
The 4—7r heat flux meter used in the gas furnace trials showed that 
the instrument is capable of producing a signal which changes 
promptly to variations in the furnace conditions. Alterations in 
the fuel-air ratio produced a series of changes in the heat flux 
meter output which follow the change in the radiant output of the 
flame, the furnace gases and the refractory walls.
8. Under quasi-steady state conditions the 4-tt heat flux meter gave a 
peak signal output for changes in the air rate (constant heat 
input). This peak output was found to occur at equivalence 
ratios, <t> between 1.15 and 1.32.
9. The peak heat flux meter output was found to occur close to the 
maximum heat gain in the furnace main cooling load, for a constant 
firing rate and where the air rate is varied.
10. The thermal shock resistance of the ceramic shields has been 
tested adequately in both the calibration work and the gas furnace 
trials. The shield can withstand heating rates of at least
6°C/second (calibration studies) and, from the furnace trials is 
unaffected by the effects of flame failure followed by re-starting 
the furnace under full-fire conditions.
11. No surface deposits were found on the 4- i t heat flux meter for the 
duration of the furnace trials. However, this is not suprising 
since natural gas is a clean fuel, subsequent to this, further 
work has been carried out on a 750 kW plug-flow type furnace 
(Lapwood and Walters 1986), which showed that with gas-oil, 950s. 
fuel oil, and a coal-water mixture, no deposit formed on the 
surface of the heat flux meter.
12. The mathematical model derived for the gas furnace, can evaluate 
the heat transfer and combustion gas composition and is capable of 
accounting for the effects of air-fuel ratio variations. This 
steady state model is based on the well-stirred system described 
by Hottel and sarofim (1967). A novel approach has been used here 
in that the adiabatic dissociation flame temperature is
incorporated into the well-stirred model. This is not strictly 
legitimate since the lower temperature derived from the use of the 
dissociated value will introduce an error into the system energy 
balance upon which the well-stirred model is based. However, the 
use of the well-stirred model in this modified form means that as 
the air-fuel ratio is changed, then the flue gas compositions 
change in a more realistic way .
The absolute values obtained from the mathematical model differ 
from the actual values obtained from the gas furnace. However, 
the way in which the furnace conditions change on a relative basis 
compare well. This model, when adapted to the unsteady state, 
will form a useful aid in analysing various types of control 
systems which could be applied to this type of furnace.
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APPENDIX I
Determination of the Radial Disc size for HFM3(B)
Determination of the Radial Disc Size for HFM3(B)
The sizing of the final design radial disc heat flux meter, is based 
upon an incident heat flux of 1 MW/m2. The maximum operating 
temperature of the disc is dictated by the softening point of the
solder used to attach the thermocouple wires to the centre of the disc
( ie., where the maximum temperature will occur during operation). The
solder used to attach the centre wires possesses a melting point of
180°C. In order to obtain maximum cooling effect to the copper block,
the size of the Constantan disc is limited to the diameter of the
central tube through which pass the thermocouple wires. This will
enable the copper block to make full use of the cooled surface at the
probe tip. Using Eq. 3.16 as the design equation, that is,
. 2
T - T = AT = q (Cf.,3.16)
c o 4 s k
Rearranging in terms of the disc thickness, S,
4 k AT
The Constantan disc thermal conductivity, k can be given an average 
value (for design purposes) of 24 W/m.K. Given that the disc radius 
must be 0.0035m and that the maximum temperature difference must not 
exceed 155°C (taking the disc periphery temperature as 25°C, this would 
produce an absolute temperature of 180°C at the disc centre), then for 
the disc thickness,
1X106 .(0.0035)2o — — • * *
= 0.000823 m (0.823 mm)
The disc was cut from a rod of constantan and finished by polishing on 
a flat carburundum stone and a series of graded emery papers, until the 
thickness was uniform. The final disc thickness when measured using a 
point micrometer was,
Final Disc Thickness =0.835 mm ±0.002 mm
APPENDIX II
(A) convective Heat Transfer to a Radiantly Heated Digc
(B) Radiantly Heated Disc with Heat Loss Down a centre Wire
(A) Convective Heat Transfer to a Radiantly Heated Disc
The steady state differential equation for a convectively heated disc 
with radiant heat transfer is,
d2T
dr
1 dT 
+ - —  + 
r dr
q + hf(Tf - T )
k S
= 0 (II.1)
where q is independent of T. Rearranging Eq. II.l yields,
d T 1 dT h t h„T^ qf f f
+  —  +  —  + —  =  0
2dr r dr k  s k  s k  s
or,
d T 1 dT h.
dr r dr k S
T _ q + Tfhf
= 0 (II.2)
multiplying through by r2,
r d T r dT
dr dr
2
T _ q + Tfhf
r
k  s
h f  .
= 0 (II.3)
T q + T t r * - f f
Let T = -------- (II.4)
and M =.
k S
0.5
(II.5)
Substituting Eq.s II.4 and II.5 into Eq.II.3 gives,
2 2 *  * 
r d T r dT 2„2 *
. r M T
—  +  —  -  °
dr dr
(II.6)
The Bessel solution of Eq.II.6 is.
T = ClI0(Mr) + C2KQ(Mr)
or, T = C ^ M r )  + C2KQ(Mr) +
4 + Tfhf
(II.7)
and, —  = MC^I^Mr) - MC2K1(Mr) 
dr
(II.8)
Given the boundary conditions,
dT
dr
= 0 at r = 0 (II.9a)
T = T atc
r = 0 (II.9b)
and the condition,
T = T at r = R (11.10)
Eq.11.7 with Eq.II.9a yields,
dT—  = 0 = MC I (M.O) - MC K (M.O)
_ X  X  Cm ' Am
dr
or, M C ^ O )  - MC^K^O) = o (li.li)
where 1^(0) = 0, and K^O) = -h» 
Therefore Eq.11.11 becomes.
MC, .0 - MC .oo = 0 
1 2
and hence, C = 0
Substituting Eq.ll.9b into Eq.II.7 yields,
T = ciIo(0) + 0 ‘Ko(0) +
q + Tfhf
where, I0(0) = 1, and KQ(0) = +oo.
Therefore Eq.ll.12 becomes
T = C + c 1
q + T f h f
or, Cx = Tc - (q/hf) - Tf
Substituting for c and in Eq.II.7,
T = (Tc - (q/hf) - Tf).I0(Mr) + (q/hf) + Tf
Substituting Eq.ll.lO into the above gives,
Tq = (Tc - (q/hf) - Tf).IQ(MR) + <q/hf) + Tf
or.
t  -  < q /h f ) -  T  q
T = -----------   +   + T
IQ(MR) hf
Considering an energy balance on the radial disc.
(T - T ).4 S k qG O
T = t —  ----  —  - —  (11.14)
f ° R2hf hf
and, introducing A ='T ~ Tq,
T_ = T + A (11.15)
r o
For small values of h^, IQ(MR) ~ 1.0. Therefore Eq.ll.13 becomes 
(with Eq.s 11.14 and 11.15),
q (T - T ).4 S k q q■ c o
T = T   T - — — —-------- —  + ■—  + —  + T + Ac o ' O _,2. . . O
hf f f
or, when rearranged,
q (T - T ).4 S k
c o
T = T + -- + A -----■ •■■ '-------C O _2h _ R h^ .f f
After further rearrangement.
q/h + A
T - T = c o
1 +
R2hf
or,
R [ q + hfA ] 
^4 S k + R2hfJ
T - T = 7— -^--- — —  -V  (11.16)
C O r 0 1
Eq.II. 16 is applicable for low values of hf.
The lumped transient response of a disc both radiantly and convectively 
heated is given by,
t = (l/hAg)(pVc) = Rt .Ct (11.17)
where r is the thermal time constant. The resistance to heat transfer 
R , for the heated disc, where the heat transfer rate is governed by 
the disc internal resistance is,
is the lumped thermal capacitance of the system. Substituting for 
in Eq.II.17 yields,
pVc
t  =
4Sk h 
R2
(11.19)
.A
2 2where A = ttR and v = rrR .S. Rearranging Eq. 11.19,
pcR
T = (11.20)
(B) Radiantly Eleated Disc With Heat loss Down a centre Wire
The time-independent differential equation,
descibes the general function, with the important boundary condition 
changed from the general solution (cf., Eq. 3.lla). The total heat 
flow to the centre wire is,
qw = rrb2q + 2rrbkS.dT/dr at r = b (11.22)
and the total heat flow down the wire is,
k (rrb2)(T - T )
qw = W C —  ° - (11.23)
Equating Eq.s 11.22 and II.23 gives one of the boundary conditions:
dT
dr
k b( T - T ) qb w ' c o (11.24)
2kSL 2kSr=b
The above boundary condition and the conditions,
T = T at r = R (11.25)
o ' -
T = T at r = b (11.26)c
can be used to produce the specific solution.
Integration of Eq. 11.21 yields (cf., Section 3.2.4)
dT qr c
—  + ----= —  (cf.,3.12)
dr 2Sk r
and,
, . 2 
q r
T = ---- + C .ln(r) + C (cf. ,3.13)
4Sk
Substituting Eq 11.24 into Eq 3.12 yields,
Substituting the other necessary boundary conditions, Eq. 11.25 into 
Eq. 3.13, together with Eq. 11.27 yields,
T = 
o
»_2 qR
4Sk
k b2(T 
w c V
2SkL
. ln(R) + c.
or,
C = T + 2 O
qR
4Sk
k b (T - T ) 
w c o
2SkL
.ln(R) (11.28)
Substituting Eq.s 11.27 and 11.28 into Eq. 3.13,
. 2qr
T = —  + 
4Sk
k b (T - T ) W c o
2SkL
• ln(r)
+ T + 
o
. 2
qR
4Sk
k b (T - T ) w c o
2SkT.
. ln(R)
Rearranging,
T = T + 
o
2 2 q( R - r )
4Sk
k b (T - T ) w c o
2SkL
[ ln( r) - ln(R) ]
Introducing the condition T = Tc at r = b
(T - T ) + c o
k b (T - T ) w ' c o
2SkL
. ln(R/b) =
2 2 q( R - * )
4Sk
Rearranging,
T - T = c o
[q(R2 - b2 )/4SkJ 
[ 1 + P ]
(11.29)
kwb2.ln(R/b)
where P =  --:--------
2SkL
As for the previous case, a lumped analysis of the transient behaviour 
of the disc gives,
2
pC.TTR S
T -
4Sk[l+P]
(R2 " b2)
pc( R2 - b2 )
4k[l+P]
(11.30)
APPENDIX III
Finite Difference Computer Program Listing
*** FINITE DIFFERENCE PROGRAM FOR RADIAL DISC HEAT FLUX METER ***
DIMENSION T( 105,40),TDUM(105,40),TRAD(105),HRAD(105,40), 
+TKCCN(36,10) ,mV(36,10) ,n(M]D(36,10) ,TOKAV(36,10)
WRITE(2,5)
5 FORMAT(1H , 'INPUT RADIATING SOURCE TEMP (BLACK BODY) (DEG.C)') 
READ{1,*)RAD1M
WRITE(2,113)
113 FORMAT(1H , 'INPUT SENSOR SURFACE EMISSIVITY 1')
READ(1,*)EMISS
WRITE(2,6)
6 F0RMAT(1H , ’INPUT COOLING WATER TEMPERATURE (DEG.C) !!')
READ (1, ATWATER
WRITE(2,4)
4 FORMAT (1H .,' INPUT WATER-SENSOR H.T.C. (W/M2K)1)
READ(1,*)HWATER 
SIG=5.67E-8/1.0E6 
PI=3.1415926 
HWATER=HWATER*1.OE-6 
RAD=3.5 
WRITE(2,6001)
6001 FORMAT(1H INPUT THE DISC THICKNESS (HM) V)
READ (1,*) THICK
RADCU=10.3
CUTHIK=3.4336
DELTX=RAD/35.0
DELTY=THICK/9.0
D=DELTY/DELTX
TKPBSN=0.056
TKAG=0.150
TKCU=0.396
TKCUAG= (TKOH-TKAG)/2.0
C
C
CALL $ETST (EMISS, SIG,RADIM, PI, RADCU,CUTHIK, HWATER, TWATER,QNET 
+,AT0T, ABASE)
C
TBASE=(QNET/(HWATER*ABASE))+TWATER 
QRAD=g’IEr/ATOT
C
WRTIE(2,18)
18 FORMAT(1H , ’DO YOU REQUIRE THE PRE-SET MODIFIED GEOMETRY ! 
+(1=YES; RETURN IF NO) ’//)
READ(1,3)IMP 
3 FORMAT(II)
C
DO 52 J=1,104 
JIM=J-1
TRAD(J)=FLOAT(JIM)*DELTX 
52 CONTINUE
C
C INITIAL GUESS AT TEMPERATURE PROFILE (USING THEORETICAL DISC EQN.) 
DO 20 J=l,36 
DO 21 K=l,40
T (J, K) = ((QRAD/ (4. 0*THICK*0.024)) * (RAD*RAD-TRAD (J) *TRAD (J)))
+ +TBASE
C T(J,K)=TWATEE
21 continue
20 CONTINUE
C
DO 22 J=37,105 
DO 23 K=l,40 
T(J,K)=TBASE 
23 CONTINUE
22 CONTINUE
C
C
5000 ITEST=0 
C REFINEMENT OF RADIATIVE H.T.C:- 
K=1
DO 7221 J=l,104
HRAD(J,K)=EMISS*SIG*{ ((RADTW-273.0)**2.0)+( (T(J,K)+273.0) **2.0)) 
+*((RADTM+273.0)+(T(J,K)+273.0))
7221 CONTINUE
C
C EMISSIVITY OF DISC SIDE:- 
C OXIDISED COPPER : E>=0.55 (HOTTEL & SAROFIM)
J=104
DO 7222 K=2,38
HRAD (J, K) =0.55*SIG* (((RADTM+273.0) **2.0)+((T (J, K) +273.0) **2.0)) 
+* ((RADTM+273.0)+(T(J,K)+273.0))
7222 CONTINUE
C
c
c
C THERMAL CONDUCTIVITY VARIATIONS (CONSTANTAN ONLY !!)
DO 8321 J=l,36 
DO 8322 K=l,10
TKCON(J,K) =0.021*(1.0+0.00209*T(J,K))
8322 CONTINUE 
8321 CONTINUE
C
C COPPER/CONSTANTAN INTERFACE AV. CONDUCTIVITY 
J=36
DO 8323 K=l,10
7KKAY (J, K)=(1KCON (J, K) +TKCU) /2.0
8323 CONTINUE
C
C CONSTANTAN/PBSN INTERFACE AV. CONDUCTIVITY 
K=10
DO 8324 J=l,5
TTCAV (J, K)=(TKCON (J, K)+TKPBSN)/2.0
8324 CONTINUE
C
C CONSTANTAN/AG AV. CONDUCTIVITY 
K=10
DO 8325 J=30,35
TKMID(J,K) = (TKCON(J,K)+TKAG) /2.0
8325 CONTINUE
C
C
C
C
C
C
C TOP SURFACE NODES. (CON. DISC)
DO 40 J=2,35
RU= (TRAD (J+l)+TRAD (J))/2.0 
RL= (TRAD (J-l )+TRAD(J)) /2.0 
RINP=(RU*RU)-(RL*RL)
X=D*DELTY* (RL*TKC0N (J-l, 1) *T (J—1,1) +RU*TKC0N (J+l, 1) *T (J+l, 1)) 
++B3NT* (T (J, 2) **nCC0N (J, 2) + (DELTY*HRAD (J, 1) *RADTH))
Y= (D*DELTY* (RU*TKCON (J-l, 1)+RL*TKCON (J-l,1)))+ 
+(RINT*(1.0*1KOON(J,2)+(HRAD(J,1)*DELTY)))
TDUM(J,1)=X/Y 
40 CONTINUE
C
C CENTRE LINE TOP SURFACE NODE. (CON. DISC)
RU=DELTX/2.0
X= (D*DELTY*TKCCN (2,1) *T (2,1) +RU* (T (1,2) *TKCON (1,2) + 
+(DELTY*HRAD(1,1)*RADTM)))
Y= (D*DELTY*TKCCN (2,1)+(RU* (1. 0*TKCON (1,2)+(HRAD (1,1)* DELTY)))) 
TDUM(1,1)=X/Y
C
C
C MIDDLE INTERIOR NODES. (CON. DISC)
DO 50 K=2,9 
DO 60 J=2,35
RU= (TRAD (J+l) +TRAD (J)) /2.0 
RL= (TRAD (J-l) +TRAD (J) )/2.0 
RINP=(RU*RU)-(RL*RL)
X=2. 0*D*DELTY* (RL*TKCON (J-l, K) *T (J-l, K) +RU*TKCON (J+l, K) *
+ T (J+l, K)) +R3MT* (T (J, K-l) *TKCON (J, K-l) +T (J, K+l) *TKCOf^  (J, K+l)) 
Y= (2. 0*D*DELTY* (RU*TKCON (J+l, K) +RL*TKCON (J-l, K))) +
+ {TKCON (J,K-1)+TKC0N (J,K+1)) *RINT 
TDUM(J,K)=X/Y 
60 CONTINUE 
50 CONTINUE
C
c
c centre line interior nodes:- 
j =i
DO 24 K=2,9 
RU=DELIX/2.0
X= (2. 0*D*DELTY*TKCCN (J+l, K) *T (J+l, K))+RU* (TKCON (J, K-l) * 
+T(J,K-1)+TKC0N(J,K+1)*T(J,K+1))
Y=(2.0*DELTY*D*TKCON(J+1,K))+(TKCON (J, K-l) +TKC0N (J, K+l)) *RU 
TDUM(J,K)=X/Y 
24 CONTINUE
C
IF(IMP.EQ.l) GOTO 500
C
C
C DISC BASE SURFACE NODES (UNMODIFIED DISC).
K=10
DO 70 J=2,35
RU=(TRAD(J+l)+TCAD(J))/2.0 
RIr= (TRAD (J-l)+TOAD (J) )/2.0 
RINT= (RU*RU) - (RL*RL)
X=D*DELTY* (RL*TKCON (J-l, K) *T (J-l, K)+RU*TKC0N (J+l, K) *T (J+l, K)) + 
+ (RINimCON(J,K-l)*T(J,K-l))
Y= (D*DELTY* (RL*TKCON (J-l, K) 4RU*TKC0N (J+l, K)) )+RHfT*TKCCN(J,K-l) 
TDUM(J,K)=X/Y 
70 CONTINUE
C
C CENTRE LINE BOTTOM SURFACE NODE :-
K=10
J=1
RU=DELTX/2.0
X= (D*DELTY*TKCON (J+l, K) *T (J+l, K))+(RU*TKCON (J, K-l) *T (J, K-l)) 
Y=D*DELTY*TKCON (J+l, K) +RU*TKCON (J, K-l)
TDUM(J,K)=X/Y
C
C GOTO 9191 
C.
c
C ***** COPPER BLOCK NODES *****
C ***** NODE 36 TO NODE 104 - X AXIS 
C ***** NODE 1 TO NODE 38 - Y AXIS
C
C ** X=36 NODES - METAL INTERFACE **
C ##SURFACE NODE T(36,l)##
J=36
K=1
RU= (TRAD (J+l)+TRAD (J) )/2.0 
RI/= (TRAD (J-l)+TRAD(J))/2.0 
RINT=(RU*RU)-(RL*RL)
X= (D*DELTY* (TKCON (J-l, K) *RL*T (J-l, K) +TKCU*RU*T (J+l, K))) +
+ (RINT*(TKKAV (J,K+1) *T(J,K+1)+DELTY*HRAD(J,K) *RADTM))
Y= (D*DELTY* (TKCON (J-l f K) *RL+TKCU*RU))+(TKKAV (J, K+l) *RINT) +
+(RINT*DELTY*HRAD (J, K))
TDUM(J,K)=X/Y
C
C ##MID BTTERFACE NODES T(36,2) TO T(36,9)##
J=36
RU= (TRAD (J+l)+TRAD(J)) /2.0 
RL= (TRAD (J-l)+TRAD (J) )/2.0 
RINT= (RU*RU) - (RL*RL)
DO 1901 K=2,9
X=(2.0*D*DELTY*(TKCON(J-1,K) *RL*T(J-1,K)+TKCU*RU*T{J+1,K))) 
++(RHTT* (TKKAV (J,K-1) *T(JfK-l)+TKKAV(J,K+l) *T(J,K+l)))
Y= (2. 0*D*DELTY* (TKCa^  (J-l, K) *RLfTKCU*RU)) + (TKKAV (J, K-l) + 
+TKKAV (J, K+l)) *RINT 
TDUM(J,K)=X/Y 
1901 CONTINUE
C
C ##DISC REAR SURFACE CORNER INTERFACE NODE T(36,10)##
J=36
K=10
RU=(TRAD(J+l)+TRAD(J))/2.0 
RL= (TRAD (J-l)+TRAD(J) )/2.0 
RINT=(RU*RU)-(RL*RL)
XRINP=(RU*RU) - (TRAD (J) *TRAD (J))
X= (D*DELTY* (TKCCN (J-l, K) *RL*T (J-l, K) +2. 0*TKCU*RU*T (J+l, K)))
++ (TKKAV (J, K-l) *RINr*T (J, K-l))+(TKCU*XRINT*T (J, K+l))
Y= (D*DELTY* (TECOON (J-l, K) *RIrf 2. 0*TKCU*RU))+(TKKAV (J, K-l) *RINT) + 
+ (TKCU*XRINT)
TDUM(J,K)=X/Y
C
C ** COPPER BLOCK INTERNAL NODES **
DO 1903 J=37,103 
DO 1904 K=2,37 
RU=(TRAD(J+l)+TRAD(J))/2.0 
RL= (TRAD (J-l)+TRAD (J) )/2.0 
RINP= (RU*RU) - (RL*RL)
X= (2. 0*D*DELTY* (RL*T (J-l, K) +RU*T (J+l; K)))
+ + (RUTT* (T (J, K+l) +T (J, K-l)))
Y= (2. 0*D*DELTY* (RL+RU))+(2. 0*RINr)
TDUM(J,K)=X/Y
1904 CONTINUE 
1903 continue
C
C ** COPPER BLOCK TOP SURFACE NODES **
C SURFACE NODES T(37,l) TO T(103,l)##
K=1
DO 1905 J=37,103 
RU= (TRAD (J+l)+TRAD(J)) /2.0 
RL= (TRAD (J-l) +TRAD (J)) /2.0 
RINT= (RU*RU) - (RL*RL)
X= (D*DELTY* (RL*T (J-l, K) +RU*T (J+l, K)))
+HRINT* (T(J,K+1)+DELTY*HRAD(J,K) *RADTM/TKCU))
Y= (D*DELTY* (RL+RU))+(RINT* (1.0+ (DELTY*HRAD (J, K) /TKCU))) 
TDUM(J,K)=X/Y
1905 CONTINUE
C
C ##CORNER NODE T (104,1)##
J=104
K=1
RU=TRAD(J)
RL= (TRAD (J-l)+TRAD (J))/2.0 
RINT= (RU*RU) - (RL*RL)
X= (D*DELTY*RL*T (J-l, K))+(RINT*T (J, K+l)) +
+ (HRAD (J, K)*m rm * (DELTY*RUTr/TKCU+RU*DELTY*DELTY))
Y= (RL*D*DELTY)+(RINT* (1.0+HRAD (J, K) *DELTY/TKCU))+(HRAD (Jf K) *RU* 
+DELTY*DELTY)
TDUM(J,K)=X/Y
C
C ** COPPER BLOCK OUTER VERTICAL EDGE T(104,2) TO T(104,37) **
J=104
RU=TRAD(J)
RL=(TRAD(J-l)+TRAD(J))/2.0 
RINT= (RU*RU) - (RL*RL)
DO 1906 K=2,37
X=(2.0WD*DELTY*T(J-1,K) )+(RH^ P* (T(J,K-l)+T(JfK+l))) +
+(2.0 WDELTY*DELTY*HRAD (J, K) *RADTI4/TKCU)
Y= (2. 0*RL*D*DELTY) + (2. 0*RINT)+(2. 0*RU*DELTY*DELTY*HRAD (J, K) /TKCU) 
TDUM(J,K)=X/Y
1906 CONTINUE
C
C ##NODE T(104,38)##
J=104
K=38
RU=TOAD(J)
RI/= (TRAD (J-l)+TRAD (J) )/2.0 
RINT= (RU*RU) - (RL*RL)
X= (RL*D*DEWY*T (J-l ,K))+(RINT* (T (J, K-l) +HWATER*DELTY*TWATER/
+TKCU) ) + (RU*DELTY*DELTy*HRAD(J,K) *RADTM/TKCU)
Y= (RL*D*DELTY)+(RINT* (1.0+HWATER*DELTY/TKCU))
++ (RU*DELTY*DELTY*HRAD (J, K) /HCCU)
TDUM(J,K)=X/Y
C
C ** COPPER BLOCK INNER VERTICAL EDGE (ADIABATIC) T(36,ll) TO T(36,37) ** 
J=36
RU= (TRAD (J+l) +TRAD (J)) /2.0 
RIfTRAD(J)
RINT=(RU*RU)-(RL*RL)
DO 1907 K=ll,37
X= (2. 0*RU*D*DELTY*T (J+l, K)) + (RINT* (T (J, K-l)+T(J, K+l)))
Y= (2. 0*RU*D*DELTY)+(2. 0*RINT)
TDUM(J,K)=X/Y 
1907 CONTINUE
C
C ##NODE T(36r38)##
J=36
K=38
RU= (TRAD (J+l) +TRAD (J)) /2.0 
RL=TRAD(J)
RINT= (RU*RU) - (RL*RL)
X= (RU*D*DELTY*T (J+l, K))+(RINT* (T (J, K-l) + (HWATER*DE2jTY*TWATER 
+/TKCU)))
Y= (RU*D*DELTY)+(RUTT* (1.0+HWATER*DELTY/TKOJ))
TDUH(J,K)=X/Y
C
C ** COPPER BLOCK REAR SURFACE - WATER COOLED T(37,38) TO T(103,38) ** 
K=38
DO 1909 J=37,103 
RU= (TRAD (J+l) +TRAD (J))/2.0 
RL=(TRAD(J-l)+TRAD(J))/2.0 
RINT^  (RU*RU) - (RL*RL)
X= (D*DEliTY* (RL*T (J-l, K) +RU*T (J+l, K))) +
+(RINT* (T (J,K-1)+(HWATER*DELTY*TWATER/TKCU)))
Y= (D*DELTY* (Rl+RU))+(RINT* (1.0+HWATER*DELTY/TKCU))
TDUM(J,K)=X/Y 
1909 CONTINUE
C
C
C
C
C
500 IFdMP.NE.l) GOTO 1000
C
C DISC CENTRE SOLDER - LEAD/TIN SOLDER TYPE
CALL PBSOLD (T, TRAD, TKCON, TKPBSN, TKAV, D, DEILTY, DELTX, TDUl-I)
C
C
C ** DISC BASE NODES (CONSTANTAN FREE SURFACE) **
K=10
DO 181 J=6,29
RU=(TRAD(J+l)+TRAD(J))/2.0
RIr=(TRAD(J~l)+TRAD(J))/2.0
RINT=(RU*RU)-(RL*RL)
X=D*DELTY* (RL*TKC(^  (J-l, K) *T (J-l, K) 4RU*TK(m (J+l, K) *T (J+l, K))
■H-(RINT**IKCQI^  (J,K-1) *T (J, K-l))
YS=D*DELTY* (RL*1KCCN (J-l, K) +RU*TKCON (J+l, K) )+(REfT*TKCON(J,K-l)) 
TDUM(J,K)=X/Y 
. 181 CONTINUE 
C
c
C DISC PERIPHERY SOLDER - SILVER SOLDER TYPE
CALL AGSOLD (T, TRAD, TKCON, TKAG, TKMID, D, DELTY, DELTX, TDUM)
C
C
C ***** COPPER BLOCK NODES *****
C ***** NODE 36 TO NODE 104 - X AXIS 
C ***** NODE 1 TO NODE 38 - Y AXIS
C •
C ** X=36 NODES - METAL INTERFACE **
C ##SURFACE NODE T<36,1)##
J=36
K=1
RU= (TRAD(J+l)+TRAD(J))/2.0 
RL=(TRAD(J-l)+TRAD(J))/2.0 
RBTT= (RU*RU) - (RL*RL)
X= (D*DELTY* CnCOQN {J-l, K) *RL*T (J-l, K) +TKCU*RU*T (J+l, K))) +
+ (RINT* (TKKAV (J, K+l) *T (J, K+l) +DELTY*HRAD (J, K) *RADTTI))
Y= (D*DELTY* (TKCCN (J-l, K) *RL+TKCU*RU))+(TKKAV (J, K+l)*RINT)
++ (RINT*DELTY*HRAD (J, K))
TDUH(J,K)=X/Y
C
C ##KED INTERFACE NODES T(36,2) TO T(36,9)##
J=36
RU= (TRAD (J+l) +TRAD (J)) /2.0 
RL= (TRAD (J-l) +TRAD (J)) /2.0 
RINT= (RU*RU) - (RL*RL)
DO 601 K=2,9
X= (2.0*D*DELTY* (TKCON (J-l , K) *RL*T (J-l, K) +TKCUWT (J+l, K))) 
++(RHtfrMTKKAV(JfK-l)*T(JfK-l)+TKKAV(J,K+l)*T(J,K+l)))
Y= (2.0*D*DELTY* (TKCOK J-l ,K) *RL+TKCU*RU)) +(TKKAV (J, K-l) + 
+TKKAV (J, K+l)) *RINT 
TDUM(J,K)=X/Y 
601 CONTINUE
##MID INTERFACE NODE T(36,10) CU/CON/AG SOLDER INTERFACE##
J=36 
K=10
RU= (TRAD (J+l) +TRAD (J))/2.0 
RL= (TRAD (J+l)+TRAD (J) )/2.0 
RINF= (RU*RU) - (RL*RL)
X=(2.0*D*DE2jTYMTKMID(J-1,K)*RL*T(J-1,K)+TKCU*RU*T(J+1,K)))  
++ (R3MT* (TKKAV (J, K-l) *T (J, K—1) +TKCUAG*T (J, K+l)))
Y= (2.0*D*DELTY* (TKMID (J-l, K) *RI/+TKGJ*RU))+(RINT* (TKKAV (J, K-l) 
++TKCUAG))
TDUM(JfK)=X/Y
##M3D INTERFACE NODES T(36,ll) TO T(36,15) CU/AG SOLDER I.FACE## 
J=36
RU= (TRAD (J+l)+TRAD (J)) /2.0 
RL= (TRAD (J-l)+TRAD (J) )/2.0 
R3NT= (RU*RU) - (RL*RL)
DO 3302 K=ll,15
X= (2. 0*D*DELTY* (1TCAG*RL*T (J-l, K) +TKCU*RU*T {J+l, K))) 
++ClKaiAG!*:RINr*(T(JfK-l)+T(J,K+l))) 
Y=(2.0*D*DELTY*(TKAG*RL+TKCU*RU) )+{2.0*TKCUAG*RINT) 
TTXJM(J,K)=X/Y 
3302 CONTINUE
C MBISC REAR SURFACE CORNER INTERFACE NODE T(36,16) CU/AG SOLDER## 
J=36 
K=16
RU= (TRAD (J+l)+1RAD (J))/2.0 
RL== (TRAD (J-l)+TRAD(J)) /2.0 
RIND= (RU*RU) - (RL*RL)
XRINI^ = (RU*RU) - (TRAD (J) *TRAD (J))
X=(D*DELTY* (TTCAG*RL*T(J-1,K)+2.0*TRCU*RU*T(J+1,K))) 
++(TKCUAG*RINr*T(J,K-l) ) + (TRCU*XRINT*T(J,K+l))
Y= (D*DELTY* (TKAG*RLf2. 0*TKCU*RU))+(TRCUAG*RINT)+(TKCU*XRINT) 
TDUM(J,K)=X/Y
c
C ** COPPER BLOCK INTERNAL NODES **
DO 602 J=37,103 
DO 603 K=2,37
RU= (TRAD (J+l)+TRAD(J))/2.0 
RL= (TRAD (J-l)+TRAD(J))/2.0 
Rnrr= (ru*ru) - (rl*rl)
X= (2. 0*D*DELTY* (RL*T (J-l, K) +RU*T (J+l,K)))
+ + (RINT* (T (J, K+l) +T (J, K-l)))
Y= (2. 0*D*DELTY* (RI/+RU))+(2. 0*RINT)
TDUM(J,K)=X/Y
603 CONTINUE
602 continue
C
C ** COPPER BLOCK TOP SURFACE NODES **
C ##I’QD SURFACE NODES T(37,l) TO T(103,l)##
K=1
DO 604 J=37,103 
RU= (TRAD (J+l) +TRAD (J)) /2.0 
RL= (TRAD (J-l) +TRAD (J)) /2.0 
RINr= (RU*RU) - (RL*RL)
X= (D*DELTY* (RL*T (J-l, K)+RU*T (J+l, K))) 
++(RE^ (T(J,K+1)+DELTY*HRAD(J,K) *RADTM/TKOI))
Y= (D*DELTY* (RL+RU))+(RU'IT* (1.0+ (DELTY*HRAD (J f K) /TKCU))) 
TDUM(J,K)=X/Y
604 CONTINUE
C
C ##CORNER NODE T(104,l)##
J=104
K=1
RU=TRAD(J)
RL= (TRAD (J-l) +TRAD (J)) /2.0 
RINT= (RU*RU) - (RL*RL)
X= (D*DELTY*RL*T (J-l, K))+(RBTT*T (J, K+l))+
+ (HRAD (J,K) *RADH1* (DELTY*RBTT/TKCU+RU*DELTY*DELTY))
Y= (RL*D*DELTY)+(RINT* (1.0+HRAD (J, K) *DELTY/TKCU))
++ (HRAD (J, K) *RU*DELTY*DELTY)
TDUI'I(J,K)=X/Y
C
C ** COPPER BLOCK OUTER VERTICAL EDGE T(104,2) TO T(104,37) **
J=104
RU=TRAD(J)
RL= (TRAD (J-l)+TRAD (J))/2.0 
RINT= (RU*RU) - (RL*RL)
DO 605 K=2,37
X= (2. 0*RL*D*DELTY*T (J-l, K))+(RINT* (T (J, K-l) +T (J, K+l))) +
+ (2. 0*RU*DELTY*DELTY*HRAD (J, K) *RADTM/TKCU)
Y= (2. 0*RL*D*DELTY)+(2. 0*RINT)+(2. 0*RU*DELTY*DELTY*HRAD (J, K) /TKCU) 
TDUM(J,K)=X/Y 
. 605 CONTINUE 
C
C ##NODE T(104,38)##
J=104
K=38
RIMRAD(J)
RL= (TRAD (J-l) +TRAD (J)) /2.0 
RINT= (RU*RU) - (RL*RL)
X= (RL*D*DELTY*T (J-l, K))+(RINT* (T (J, K-l) +HWATER*DELTY*TWATER/ 
+TRCU))+(RU*DELTY*DELTY*HRAD (J, K) *RADTM/TKCU)
Y= (RL*D*DELTY)+(RINT* (1.0+HWATER*DELTY/TKCU))
-H- (RU*DELTY*DELTY*HRAD (J, K) /TKCU)
TDUM(J,K)=X/Y
C
C ** COPPER BLOCK INNER VERTICAL EDGE (ADIABATIC) T(36,ll) TO T(36f37) ** 
J=36
RU=(TRAD(J+l)+TRAD(J))/2.0 
RIfTRAD(J)
RINT= (RU*RU) - (RL*RL)
DO 606 K=ll,37
X= (2. 0*RU*D*DELTY*T (J+l, K))+(RETT* (T (J f K-l) +T (J f K+l)))
Y= (2. 0*RU*D*DELTY) + (2. 0*RINT)
TDUM(J,K)=X/Y
606 CONTINUE
C
C ##NODE T(36,38)##
J=36
K=38
Rtf= (TRAD (J+l) +TRAD (J)) /2.0 
RL=TRAD(J)
RBTD= (RU*RU) - (RL*RL)
X= (RU*D*DELTY*T (J+l, K))+(RINT* (T (J f K-l)+(HWATER*DELTY*TWATER 
+/TKCU)))
Y= (RU*D*DELTY)+(RBTT* (1. 0fHWATER*DELTY/TKOJ))
TDUM(J,K)=X/Y
C
C ** COPPER BLOCK REAR SURFACE - WATER COOLED T(37,38) TO T{103,38) ** 
K=38
DO 607 J=37,103 
RU= (TRAD (J+l)+1RAD (J))/2.0 
RL= (TRAD (J-l)+TRAD (J) )/2.0 
RINT= (RU*RU) - (RL*RL)
X= (D*DELTY* (RL*T (J-l, K) +RU*T (J+l, K))) +
+ (RINT*(T(J,K-1)+(HWATER*DELTY*TWATER/TKCU)))
Y= (D*DELTY* (RLfRU)) + (RINT* (1.0+HWATER*DELTY/TKCU))
TDUM(J,K)=X/Y
607 CONTINUE
C
C
C
C
c 
c
1000 DIFF=0.002 
DO 100 J=l,104 
DO 150 K=l,38
3F(ABS(TDUM(J,K)-T(JrK)) .GT.DIFF) ITEST=1 
T(J,K)=TDUM(J,K)
150 CONTINUE 
100 CONTINUE
C
C
IF (ITEST.EQ. 1) GOTO 5000
C
IFOMP.EQ.l) GOTO 8888 
WRITE (6,9001)
9001 FORMAT (1H , ************* IDEAL SENSOR GEBMENRY ************')
WRITE(6,9002)
9002 FORMAT(1H / -----------    ' / / / / )
GOTO 8889
8888 WRTIE(6,9003)
9003 FORMAT (1H f' ************ ACTUAL SENSOR GEOMETRY ************’) 
WRITE (6,9004)
9004 FORMAT OH ,'--------------------   '///)
8889 WRITE(6,732)
732 FORMAT(1H ,'FINITE DIFFERENCE TEMPERATURE MATRIX1///) 
WRITE(6,756)TWATER 
HWATER=HWATER*1. 0E6 
756 FORMATUH , 'HEAT SINK TEMPERATURE (WATER) =* ,F6.3, ’ DEG.C*//) 
WRITE(6,543)HWATER 
543 FORMAT(1H ,'CONVECTIVE H.T.C. (WATER-SENSOR) =\F8.2,' W/M2K7/) 
WRITE(6,203)RADTM
203 FORMAT (1H /RADIATIVE TEMPERATURE =',F8.2,' DEG.C'//)
WRITE (6,9876) ENISS
9876 FORMAT (1H f'SENSOR SURFACE EHISSIVITY =\F5.3//)
WRITE(6,209)RAD 
209 F0RMAT(1H ,'DISC RADIUS =',F5.3,' MM'//)
WRITE (6,208) THICK 
208 FORMAT (Iff ,'DISC THICKNESS =\F6.4,’ MM'//)
204 FORMAT(1H , 'MAXIMUM ERRCR IN TEMP. MATRIX =+/-' ,F8.6,' DEG.C'//)
C
C
WRITE(2,9873)
9873 FORMAT(1H , 'PLEASE SPECIFY DATA OUTPUT REQUIRED')
WRITE (2,9861)
9861 FORMAT(1H ,'1=FULL TEMP. MATRIX;2=DISC TEMP. MATRIX;DISC TEMP. DI 
+FF (AS[CENTRE(BASE)-PERIPHERY(AV.)])'//)
READ (1,9018) MMPP 
9018 FORMAT (II)
IF(MMPP.EQ.2) GOTO 8303 
IF (MMPP.EQ. 3) GOTO 1177
C
c
WRITE(6,101)
101 FORMAT (1H ,’TOP SURFACE NODES TO K=13' //)
DO 160 J=l,104
JIM=J-1
JL=104-JIM
WRITE(6,200) (T(JL,K) ,K=1,13)
200 FORMAT(1H ,13(2X,F7.3)//)
WRITE(6,222)
222 F0RMAT(1H ,///)
160 CONTINUE
C
WRITE(6,777)
777 FORMAT(1H ,111111111111)
C
WRITE(6,102)
102 FORMAT(1H K=14 TO K=26 '//)
DO 161 J=l,104
JBKT-1
JL=104-JIM
WRITE(6,201) (T(JL,K) ,K=14,26)
201 FORMAT(1H ,13(2X,F7.3)//)
WRTIE(6r223)
223 FORMAT (lH ,///)
161 CONTINUE
C
WRITE(6,778)
778 FORMAT(1H ,////////////)
WRITE(6,103)
103 FORMAT(1H ,’ K=27 TO 38 '//)
DO 162 J=l,104
JIM=J-1
JLf104-JIM
WRITE(6,202)(T(JL,K),K=27,38)
202 F0RMAT(1H ,12(2X,F7.3)//)
WRITE(6,224)
224 FORMAT (1H ,///)
162 CONTINUE 
GOTO 8599
C
8303 WRITE(6,9555)
9555 FORMAT(1H , *COWSTAI'JTAN DISC TEMPERATURE MATRIX'//)
DO 8309 J=l,36 
J3M=J-1 
JLf36—JIM
WRITE(6,8661)(T(JL,K) ,K=1,16)
8661 FORMAT(1H ,16(1X,F7.3)//)
WRITE(6,8662)
8662 FORMAT(1H ,///)
8309 CONTINUE
GOTO 8599
C
1177 TOT (1,10)
TEDGE=0.0
J=36
DO 1188 K=2,9 
TEDGE=TEDGE+T (J, K)
1188 CONTINUE
TET)GE)=TEDGE+0.5*T(36,1)+0.5*T(36,10)
TEDGE=TEDGE/9.0
CALL THEORY (RAD, THICK, RADTTI, EMISS, TWATER, HWATER, TTHC, TTEDGE)
C
TTDT=TTHC-TTEDGE
DT=TC-TEDGE
WRITE(2,1299)
1299 FORMAT (1H , 'DISC TEMPERATURES (1-DIMENSIONAL ANALYSIS)' //) 
WRITE (2,1333) TTEDGE
1333 FORMAT(1H ,' PERIPHERAL TEMPERATURE =' ,F7.2,' DEG.C’ )
WRITE (2,1334) TTHC
1334 FORMAT(1H ,' CENTRE TEMPERATURE =' ,F7.2,' DEG.C')
WRITE (2,1335) TTDT
1335 FORMATQH , ' DISC TEMP. DIFFERENCE =' ,F7.2,' DEG.C'///)
WRTTE(2,1336)
1336 FORMAT(1H , 'DISC TEMPERATURES (2-DIMENSIONAL ANALYSIS)'//) 
WRITE (2,1337) TEIDGE
1337 FORMAT(1H , ' PERIPHERAL TEMPERATURE =' ,F7.2,' DEG.C')
WRITE(2,1338) TC
. 1338 FORMAT(1H ,' CENTRE TEMP. (BASE) =' ,F7.2,' DEG.C')
WRITE(2,1339)DT
1339 FORMAT(1H , ' DISC TEMP. DIFFERENCE =' ,H.2,' DEG.C'///)
C
8599 STOP 
END
C
C
C
C
C
c
SUBROUTINE QNETST (EMISS, SIG,RADTM,PI, RADCU, CUHDX, HWATER,TWATER, 
■+ONET,ATCT,ABASE)
XX=10.0
QNEMMISS*SIG*( (RADTO+273.0) **4.0)
ATOP=PI*RADCU*RADCU 
ASIDE=2. 0*PI*RADOJ*CUraiK 
ABASE=PI* ((RADCU*RADCU) - (3.25*3.25))
ATOT=ATOP+ASIDE
YUP= (ASIDE*©. 55+ATOP*EKISS)
10 RHS=YUP*SIG*(((RAmm273.0)^ 4.0)-(((<3NEr/(HWATER*ABASE))
++TWATER) **4.0))
TO(ABS(gET-RHS).LT.0.1) GOTO 500 
iF(RHS.LT.gcrr) goto 100 
<2NED=g®r+xx 
GOTO 10 
100 g®r=g©r-xx 
xx=xx/10.0
QNEI^ NEIH-XX 
GOTO 10 
500 REIURN 
END
C
C
c
c
c
c
c
c
SUBROUTINE PBSOLD (T, TRAD, TKCON, TKPBSN, TKAV, D, DELTY, DELTX, TDUII) 
DIMENSION T(105,40) ,TDUM(105,40), TOAD (105), TKCON (36,10), 
+TKAV(36f10)
C MODIFIED DISC BASE :- 
C
C ** SOLDER/DISC INTERFACE NODES **
C ##CEWTRELINE NODE (1,10)##
RU=TOAD(2)/2.0
X= (2. 0*TKAV(2,10) *D*DEL1Y*T (2,10))+RU* (TKPBSN*T (1,11) 
++t o c c n ( i , 9 ) * t ( i , 9 ) )
Y= (2. 0*TKAV(2,10)*D*DELTY) +RU* (TKPBSN+TKCON (1,9))
TDUM(1,10)=X/Y
C
C ##NON-C0m?ELINE NODES (2,10) TO (4,10)##
DO 192 J=2,4
RU=(TOAD(J+l)+TOAD(J)) /2.0 
RL= (TOAD (J-l)+TOAD (J))/2.0 
RINT= (RU*RU) - (RL*RL)
X= (2. 0*D*DELTY* (RL*TOAV (J-l, 10) *T (J-l, 10) +RU*TCAV (J+l, 10) *
+T (J+l,10)))
++(RINT*(TOPBSN*T(J,11)+TOC0N(J,9)*T(J,9)))
Y= (2. 0*D*DELTY* (RL*TKAV (J-l, 10) +RU*TKAV (J+l, 10))) +RINT* 
+(TOPBSN+TOC0N(J,9))
TDUM(J,10)=X/Y 
192 CONTINUE
C
C ##C0NCAVE CORNER (5,10)##
J=5
RU= (TOAD (J+l)+TOAD(J)) /2.0 
RL=(TOAD(J-l)+TOAD(J))/2.0
RIND=(RU*RU)-(RL*RL)
XRINl^  (TRAD (J) * M D  (J)) - (RL*RL)
X= (D*DELTY* ((2.0*TKAV (J-l, 10) *RL*T (J-l,10))+(TKCON (J+l, 10) *RU* 
+T(J+1,10))))
++ (TKCON (J, 9) *RINr*T (J, 9))+(TKPBSN*XRINT*T (J, 11))
Y= (D*DELTY* ((2. 0*TKAV (J-l, 10) *RL)+(TKCm (J+l, 10) *RU)))+
+ (TKCON (J, 9) *RIWr)+(TKPBSN*XRINr)
TDUM(J,10)=X/Y
C
C ** SOLDER INTERNAL NODES **
C ##INTERNAL CENTRELINE NODES T(l,ll) TO T(l,15)##
J=1
DO 1001 K=ll,15 
RlHDELTX/2.0
TDUM(J,K)=((2.0*D*DELTY*T(J+1,K) )+RU*(T(J,K-l)+T(J,K+D)) 
+/((2.0*D*DELTY)+(2.0*RU))
1001 CONTINUE
C
C ##INTERNAL MID-NODES##
DO 1011 N=l,2 
GOTO(1012,1013) ,M
1012 KMIN=11 
KMAX=12 
JMIN=2 
JMAX=4
GOTO 1014 '
1013 KKIN=13 
K2-ffiX=14 
JMBJ=2 
JMAX=3
1014 DO 1002 K=KKEN,KMAX
DO 1004 J^MD^JMAX 
RU= (TRAD (J+l)+TRAD (J))/2.0 
RL= (TRAD (J-l)+TRAD (J))/2.0 
RH'TD= (RU*RU) - (RL*RL)
X=2. 0*D*DELTY* (RL*T (J-l, K) +RU*T (J+l, K)) +RINT* (T(J, K-l) +
+ T(J,K+1))
Y=(2.0*D*DELTY*(RU+RL)) + (2.0*RINT)
TDUM(J,K)=X/Y 
1004 CONTINUE
1002 CONTINUE 
1011 CONTINUE
C
C ** SOLDER - FREE SURFACE NODES **
C ##HORIZONTAL PLANE SURFACE##
J=3
K=15
RU= (TRAD (J+l) +TRAD (J)) /2.0 
RL=(TRAD(J-i)+TRAD(J))/2.0 
RINT= (RU*RU) - (RL*RL)
X=(D*DELTY*(RLlfcT(J-l,K)+RUAT(J+l,K)) )+(RINT*T(J,K-l))
Y= (D*DELTY* (RLfRU)) +RINT 
TDUM(J,K)=X/Y
C
C ##VERTICAL PLANE SURFACE##
DO 1021 M=l,2 
GOTO(1022,1023) ,M 
1022 KMIN=11 
KMAX=12 
JMIN=5
JMAX=5 
GOTO 1024
1023 KMH*=14 
KMAX=14 
JMIN=4 
JMAX=4
1024 DO 1031 K=KKIN,KMAX
DO 1032 J=JMIN,JMAX 
RU=TOAD(J)
RL=(TRAD(J-l)+TRAD(J))/2.0 
RBTD= (RU*RU) - (RL*RL)
X={2.0*RL*D*DELTY*T(J-1,K) )+RINT*(T(J,K-l)+T(J,K+l)) 
Y= (2. 0*RL*D*DELTY)+(2. 0*RINT)
TDUM(J,K)=X/Y
1032 continue
1031 CONTINUE 
1021 CONTINUE
C
C ##CCNVEX CORNER NODES##
DO 1041 M=l,3
GOTO(1042,1043,1044),M
1042 J=5 
K=13
GOTO 1046
1043 J=4 
K=15
GOTO 1046
1044 J=2 
K=16
1046 RU=TRAD(J)
RLf (TRAD (J-l) +TRAD (J)) /2.0 
RINT=(RU*RU)-(RL*RL)
TDUM(J,K)=( (RL*D*DELTY*T (J-l, K) )+(RINT*T(J,K-l)))
+/ ((RL*D*DELTY) +RINT)
1041 continue
c
c ##concave corner nodes##
DO 1051 IM,2 
GOTO(1052,1053),M
1052 J=4 
KKL3
GOTO 1054
1053 J=2 
K=15
1054 RU=(TRAD(J+l)+TRAD(J))/2.0 
RI/= (TRAD (J-l) +TRAD (J)) /2.0 
RINT= (RU*RU) - (RL*RL)
XRINT= (TRAD (J) *IRAD (J)) - (RL*RL)
X= (D*DELTY* (2. 0*RL*T (J-l, K) +RU*T (J+l, K)) )+(RBfT*T(J,K-l)) 
++(XRINT*T(J,K+1))
Y= (D*DELTY* (2. 0*RL4^ U)) 4RBTT+-XRINr 
TDUM(J,K)=X/Y 
1051 CONTINUE
C
C ##OENIRELINE SURFACE NODE##
J=1
K=16
RU=TRAD(J+l)12.0
TDUM(J,K)=( (D*DELTY*T(J+1,K) )+(RU*T(J,K-l))) / (D*DELTY+RU)
c
REIURN
END
C
C
C
c
c
c
SUBROUTINE AGSOLD {T, TRAD, TKCON, TKAG, TKMID, D, DELTY, DELTX, TDUM) 
DIMENSION T (105,40) ,TDUM(105,40) ,TRAD(105) ,11(001(36,10),
+'na>nD(3640)
C MODIFIED DISC BASE :- 
C
C ** SOLDER DISC INTERFACE NODES **
C ##CONCAVE CORNER (30,10)##
J=30
RU=(TRAD(J+l)+TRAD(J))/2.0 
RL= (TRAD (J-l)+TRAD(J))/2.0 
RINP=(RU*RU)-(RL*RL) 
m m =  (RU*RU) - (TRAD (J) *TRAD (J))
X=D*DELTY* (TKCON (J-l, 10) *RL*T (J-l, 10) +2.0*TKHID (J+l, 10) *RU* 
+T(J+1,10))+
+(TKAG*XRINr*T (J, 11))+(TKCON (J, 9) *RINT*T (J, 9))
Y=D*DELTY* (IKCa^  (J-l, 10) *RIH-2. 0*TKMID (J+l, 10) *RU) + (TKAG^XRDm+ 
+(,nCOT(J,9)*RINr)
TDUM(J,10)=X/Y
C
C ##INTERFACE NODES (MID)##
DO 197 J=31,35 
Rll= (TRAD (J+l)+TRAD (J))/2.0 
RIr= (TRAD (J-l)+TRAD (J) )/2.0 
RINT= (RU*RU) - (RL*RL)
X=(2.0*D*DELTY* (RL*TKMID (J-l ,10) *T (J-l, 10) +RU*TKMID (J+l, 10) 
+*T(J+1,10)))+
+(RUvrr*(TKAG*T(J,ll)+TKCaJ(J,9) *T(J,9)))
Y= (2. 0*D*DELTY* (RL*TKMID (J-l, 10) +RU*TKMID (J+l,10)))+
+RINT* (TKAG+TCCON (J, 9))
TDUM(J,10)=X/Y 
197 CONTINUE
C
C ** SOLDER INTERNAL NODES **
C ##SQLDER HID NODES##
DO 2001 M=l,3 
GOTO(2002,2003,2004),M
2002 KT=11 
JMIN=33 
GOTO 2006
2003 KT=12 
JMIN=34 
GOTO 2006
2004 KT=13 
JMIN=35
2006 JMAX=35 
K=KT
DO 2007 J=JMIN,JMAX 
RU=(TOAD(J+1)-™D(J) )/2.0 
RL= (TRAD (J-l) +TRAD (J)) /2.0 
RIOT=(RU*RU)-(RL*RL)
X=2. 0*D*DELTY* (RL*T (J-l, K) +RU*T (J+l, K)) +RINT* (T (J, K-l) +
+T(J,K+1))
Y= (2.0*D*DELTY* (RLfRU))+(2.0*RINT).
TDUH(J,K)=X/Y 
2007 CONTINUE 
2001 CONTINUE
C
C ** SOLDER - FREE SURFACE NODES **
C ##HORIZONTAL PLANE SURFACE##
J=31
K=ll
Rl>= (TRAD (J+l)+TRAD (J) )/2.0 
RL=(mD(J-l)+,mAD(J))/2.0 
RINT= (RU*RU) - (RL*RL)
X= (D*DELTY* (RL*T (J-l, K) +RU*T (J+l, K)))+(RINT*T (J, K-l))
Y= (D*DELTY* (RLH-RU)) +RINT 
TDUM(J,K)=X/Y
C
C ##VERTICAL PLANE SURFACES##
J=35
K=15
Rl>= (TRAD (J+l) +TRAD (J)) /2.0 
RLrfRAD(J)
RBTr=(RU*RU)-(RL*RL)
X= (2.0*RU*D*DELTY*T {J+l ,K))+(RINT* (T (J, K-l) +T {J, K+l)))
Y= (2. 0*RU*D*DELTY) + (2. 0*RINT)
TDUM(J,K)=X/Y
C
C ##CONCAVE CORNER NODES##
DO 2041 M=l,4
GOTO(2042,2043,2044,2045) ,H
2042 J=32 
K=ll
GOTO 2046
2043 J=33 
K=12
GOTO 2046
2044 J=34 
K=13
GOTO 2046
2045 J=35 
KKL4
2046 RU=(TRAD(J+l)+TRAD(J))/2.0 
RL= (TRAD (J-l)+TRAD (J))/2.0 
RINP= (RU*RU) - (RL*RL)
m m =  (RU*RU) - (TRAD (J) *IRAD (J))
X= (D*DELTY* (RL*T (J-l, K) +2. 0*RU*T (J+l, K))) + (XRINT*T (J, K+l))+ 
+ (RINT*T(J,K-1))
Y= (D*DELTY* (RI+2. 0*RU)) +XRINT+RINT 
TDUM(J,K)=X/Y 
. 2041 CONTINUE 
C
C ##CCNVEX CORNER NODES##
DO 2051 M=l,5
GOTO(2052,2053,2054,2055,2056),M
2052 J=30 
K=ll
GOTO 2057
2053 J=32 
K=12
GOTO 2057
2054 J=33 
K=13
GOTO 2057
2055 J=34 
K=14
GOTO 2057
2056 J=35 
K=16
2057 RU= (TRAD (J+l) +TRAD (J)) /2.0 
RL=TRAD(J)
RINT= (RU*RU) - (RL*RL)
TDUM (J, K)={(RU*D*DELTY*T (J+l, K)) + (RBIT*T (J, K-l))) /
+ (RU*D*DELTY+RHTT)
2051 CONTINUE
c '■ 
c
RETURN
END
C
c
c
c
c
SUBROUTINE THEORY (RAD,THICK,RAD71irE2ffiSS,TWATER,HWATER,TC, 
+TO)
RAD=RAD*0.001 
THICK=THICK*0.001 
C RERADIATION EROi-I DISC NOT IGNORED !! (BASED AT TO) 
RADm=RADn-H-273.0 
QNETB=5.67E-8*EMISS*(RADTM**4.0)
50 TO= ((QNETB*RAD) / (2. 0*HWATER*THICK)) +TWATER
TO=TCH-273.0
QNETA=5.67E-8*EMISS*((RADTM**4.0)-(T0**4.0))
TO=TO-273.0 
C IF(ABS(g®rA-g®rB).LT.0.001) GOTO 100 
C QNEnB=QNm
C GOTO 50
C
100 C= (QNE7TA*RAD*RAD) / (4. 0*THICK*21.9)
A=0.00209/2.0 
B=l. 0+10*0.00209 
SQ=(B*B+4.©*A*C)**0.5 
DT=(SQ-B)/(2.0*A)
TO=DT+TO
RETURN
El©
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APPENDIX VI
Calculation Procedure for Probe Cooling water Heat Transfer Correlation
Calculation Procedure for Probe Cooling Water Heat Transfer Correlation
To evaluate the heat transfer coefficient at the cooling water probe 
tip, the temperature at the sensing element/water interface is 
required. This is evaluated from,
where q is the heat flux at the probe tip, kcu is the thermal 
conductivity of copper, AT is the temperature difference between two 
points in the conduction piece a distance £ apart. Here AT is 
expressed as
AT = T3 - TeDGE
where T3 is the temperature indicated by thermocouple 3 in Probe 1, and 
Tedge is the temperature of the conduction piece at the cooling water 
interface.
The heat transfer rate from the conduction piece to the cooling water 
can be expressed as,
k
Cu AT
q (VI.1)
q = (Te d g e - t  w a t e r ) ( V I . 2 )
At steady state
q - C^Cu(T3 - TeDGE)]/^ - h.(TEDGE - TWATER)
Substituting for Tedge in Eq. vi.2 from Eq.vi.i,
q = h
q.fi
T3 ~ ~  “ TWATER
kcu
h =
m 4 .C mT — — T ___3 , WATER
Cu
(VI. 3)
From Eq. VI.3 the heat transfer coefficient is evaluated using various 
heat flux intensities, cooling water flowrates and water temperatures.
APPENDIX VII
Evaluation of the Radiant Heat Flux Within the Calibration Furnaces
Evaluation of the Radiant Heat Flux Within the Calibration Furnaces
The two calibration furnaces can be represented by a rectangular 
parallelpiped cavity of dimensions shown in Figure VI1.1
H
Figure VII.1 Representation of Muffle Furnace Cavity
In order to evaluate the view factor of the furnace interior with 
respect to the heat flux meter surface, account must be taken of the 
individual refractory walls since these are at different temperatures. 
Furthermore depending on where the heat flux probe head is situated, 
the view the probe has of each of the walls will be different.
Figure VII.2 Exchange Between a Rectangle and a Differential Element, 
dAi Lying on the Normal Passing Through One of its Corners.
To calculate the radiative contributions of each wall, first consider a 
rectangle A2 and a differential element dAi at P on the normal passing 
through a corner of the rectangle (Figure VI 1.2).
When dAi is parallel to A2 with the surface normal pointing along the z 
axis, Hottel (1967) produced the relationship.
F = 
12 2tt (X2 + z2 )0 -5
.  -1 
. sin. 2 2 2 0.5
( X  +  Y  +  Z  )
2 2 0.5
( Y  +  Z  )
.  -1 
sin 2 2 2 0.5
( X  +  Y  +  Z  )
(VII. 1)
where F12 is the view factor of surface 2 from the infinitesimal 
element at 1.
Eq. VII. 1 is used to evaluate the relative view that the probe head has 
of each of the muffle furnace walls. For the plane-headed heat flux 
meter, only five refractory walls need be considered. The view factor 
Of each of the refractory walls for this case are, from Eq. VII.1,
Furnace Side Walls [Fp-g/y ]^
X = H/2 
Y  =  I r - d  
Z = W/2
Furnace Horizontal Surfaces [Fp-t/b3 
X = W/2 
Y  =  I r - d  
Z = H/2
Furnace End Wall £Fp-ew3
X = H/2 
Y = W/2 
Z = L-d
where (L-d) is the distance to the furnace rear wall from the probe 
head (Figure VII.1).
To ensure that a total view factor of 1 is obtained, the individual 
view factors are normalised, that is,
Ft (s ) = 2*Fp-S/W + 2.Fp-T/B + Fp-EW 
giving the normalised values,
F'p-S/W = Fp-S/W / Ft (s )
F'p-T/B = Fp-T/B / Ft (S)
F ’p-EW = Fp-EW / ft (s )
When the spherical heat flux meter is used, then all six walls must be 
included. Here the front wall view factor is obtained as before from.
Furnace Front Wall [Fp_pw3 
X = H/2 
Y = W/2 
Z = d
Normalising as before.
F ‘T(6) = 2. Fp-s/W + 2.Fp-T/B + Fp-EW + Fp-FW 
The normalised view factors When six walls are seen are,
F'p-s/w - Fp—s/w / Ft(6 )
F'p -T/B = Fp-T/B / Ft (6)
F'p-EW = Fp-EW / Ft (6)
F ’p-sw = Fp-sw / Ft(6 )
The radiant heat flux at the probe surface is calculated from,
Plane Headed Heat Flux Meter :-
qp = a [ F'p -s/W*TRw 4 + F ’p-s/W*TlW4 + F ’p -t/B*Tr o o f4
+ F ’p _t/B*TbASE4 + F ’p -EW‘TbACK4 3 (VII.2)
477-Steradian Heat Flux Meter
qR = a [ F ’p-s/W-Trw4 + F ’p-s/W*TLW4 + F ’P-T/B■ TrOOF4
+ F ’p -t/ B ‘TBASE4 + f ’p _e w *TbACK4 + F ’p -f W*Tfr oNT4 1
(VII. 3)
APPENDIX VIII
Calculation of the cooling Water Temperature Profiles Within the Water 
Cooled Probe
Calculation of the cooling Water Temperature Profiles Within the
Water-Cooled Probe
Consider the water-cooled section in Figure Vlll.l.
Figure VIII.l
3UT
nb., the tubular 
walls possess no 
radial temperature 
gradients
If this is radiantly heated on its sides, a heat balance over a small 
section gives,
Outer Tube
Heat gain by radiation = Heat lost to cooling water
q.Ai = ho.A2.(Two ~ T0 ) (VIII.l)
Inner Tube
Heat gain by inner tube = Heat lost by inner tube 
ho• A3 .(T0 - Twi) - hi.7Li.(Twi - Ti) (VIII.2)
Outer Cooling Water Flow
Heat gain by water = Heat gain by convection from outer tube
4 heat gain by convection from inner tube 
m.Cp.STo = ho.A2 .(Two - To) + ho.A3.(Twi - To) (VIII.3)
Inner Cooling Water Flow
Heat gain by water = Heat gained by convection from inner tube
m.Cp.STi = hi.A4.(Twi - Ti) (VIII.4)
Overall Heat Balance for Section
Heat gained by radiation = Heat gained by outer flow
+ heat gained by inner flow 
q.Ai = m.Cp.STo + m.Cp.STi (VIII.5)
From Eq.s VIII.1 and VIII.3,
6T =
qA + h A_(Tt - T ) 1 O 3 Wx O
m.C
(VIII.6)
where,
Twi =
h A_ o 3
h.A„ 
i 4
. T + T. 
O 1
h A_
0 3
h. A1 4
and.
6Ti =
ItVCr
(VIII.7)
Eq.s VIII.6 and VIII.7 can be used to evaluate the cooling water 
temperature profiles.
Caculation of the Water Temperature Profiles
The calculation of the temperature profiles is an iterative procedure 
where the heat transfer is evaluated for a number of small zones. A 
computer program was used to solve the system heat balances (Figure 
VIII.2). The cooling water heat transfer coefficients ho and hi are 
calculated from an empirical correlation (Eq. VIII.8), which applies 
for forced convection in annuli (Davis 1943).
h D s e
== 0.0225
V D 
m e
o 00 V
1/3 0.14
DS
V a V . D. e .
- 0.1
(VIII.8)
Figure V I I I . 2
*** ZONAL ANALYSIS OF WATER - COOLED HEAT FLUX METER ARM ***
DIMENSION TUBO(IOO),TUBI(1O0),CWO(100),CWI(10O)
WRTTE(2,25)
25 FORMAT(1H , 'INPUT C/W FLOWRATE (L/MIN)')
READ(l,*)CWFLO
C CWFLO=5.1387
WRITE(2,26)
26 . FORMAT (1H , 'INPUT C/W INLET TEMP. (deg.C)')
READ(1,*)TCWI 
C TCWI=13.22
TIPCW=TCWI 
C TIPCW=13.22
WRITE(2,28)
28 FORMAT(1H INPUT NO. OF ISOTHERMAL ZONES (integer)')
READ(1,5)N
5 FORMAT(13)
C N=50
WRITE{2,29)
29 FORMAT(1H , 'INPUT DEPTH OF INSERTION INTO RAD FIELD (max=0.4m)') 
READ(1,*)DPTH
C DPTH=0.15
WRTTE(2,30)
30 FORMAT(1H ,'INPUT RAD FIELD BLACK BODY TEMP. (deg.C)') 
READ(1,*)TB
C TB=1O15.0
C
C
EMISS=0.65
ALEN=0.880
EM= (DPTH/ALEN) *FLOAT (N)
H=IFIX(FlI+0.5)
SIG=5.67E-8 
PI=3.1415926 
X=1.0
ZONE=ALEN/FLOAT(H)
C
A1=0.02O64*PI*ZONE
A2=0.01824*PI*ZONE
A3=0.01588*PI*ZONE
A4=0.01348*PI*ZCNE
DEO=0.01824-0.01588
DEH=0.01348-0.00953
GFLO=(CWFLO/60000.0)*999.0
P1=PI*(0.01824*0.01824-0.01588*0.01588)/4.0
P2=PI*(0.01348*0.01348-0.00953*0.00953)/4.0
GF100= (CWFLO/60000.0) *999.0/P1
GFLOI=(CWFLO/60000.0)*999.0/P2
C
C
QRAD=SIG*EMISS* ((TB+273.0) **4.0) *A1
C
IF (DPTO.LE.0.0) GOTO 5000 
CWO(l)=TIPCW
cwi(i)=npcw
c
c
K=N-1 
1111 DO 10 J=1,K
C
IF(J.LT.M) QX=*3RAD
IF(J.GE.M) QX=0.0
CALL PHYS(CWO,J,CPO,VISC,PR)
RBO=DEO*GFLOO/VISC
HCaWO=(0.023/(REO**0.2) )*(1.0/(PR**0.6667) )*CPO*GFLOO 
TUBO (J)=(QX/(HCa^ VO*A2))+CWO (J)
C
CALL PHYS(CWI,J,CPI,VISC,PR)
REI=DEI*GFLOI/VISC
HCQNVI=(0.023/ (REI**0.2) )* (1.0/ (PR**0.6667) )*CPI*GFLOI 
X=(HCONVO*A3)/(HCONVI*A4)
TUBI (J)=( (X*CWO(J) )+CWI (J)) / (X+1.0)
C
CWO(J+l)=(QX+HCCNVO*A3* (TUBI (J) -CWO(J))) / (GFLD*CPO)+CWO(J)
a n  (j+ i ) =<hconvi*a4* (an  (j )  - tubi ( j ) )) /  (gflo*cpi) -h o i ( j )
c
10 continue
c
. C
c
IF(ABS(CWI(N)-TCWI).LT.0.001) GOTO 200©
IF(CWI(N) .GT.TCWI) GOTO 100 
CWI(1)=CWI(1)+X
a To (i)= cw i(i)
GOTO 1111 
100 CWI(1)=CWI(1)-X 
X=X/10.0 
cw i( i)= a n a )+ x
CWO(l)=CWI(l)
GOTO 1111
c . 
c
2000 WRITE(6,500)
500 FORMAT(lfl ,’PROBE 3 C/W TEMP. PROFILES 7/)
WRITE (6,550) TB
550 FORMAT (1H ,'BLACK BODY TEMP.=\F8.3,'deg.C') 
WRITE(6,551)CWFLO
551 IX)RMAT(1H ,’C/W FL0WRATE=',F8.5f'1/min')
WRITE(6,552)DPTH
552 F0RMAT(1H ,'INSERTION DEPTH=',F5.3,'m')
WRITE(6,501)
501 F0RMAT(1H ,' C/W BI C/W OUT ')
WRITE(6,502)
502 FORMAT(1H (deg.C)')
WRTIE(6,503)
# 503 F0RMAT(1H ,' (as from probe tip)'//)
C
DO 600 J=1,N
WRITE (6,504)CWI (J), CWO (J)
504 FORMAT(1H ,F8.3,4X,F8.3)
C
600 CONTINUE
C
C
5000. STOP 
END
n 
o 
o 
o
SUBROUTINE PHYS(T,J,CFO,VISC,PR)
DIMENSION T(10O)
CPO=4183.0
VISC=1674.383-40.2068*T(J)+0.358*T(J)*T(J) 
VISC=VISC*lE-6
PR=12.28167-0.3212*T(J)+0.002979*T(J)*T(J)
RETURN
END
APPENDIX IX
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PROBE 3 THEHOCOUPLE CALIBRATION
APPENDIX X
(A) Theoretical Transient Analysis of the Radial Disc Heat Flux Meter 
(Lugped Analysis)
(B) Theoretical Transient Analysis of the 4r-steradian Beat Flux Meter 
(Lugged Analysis)
(A) Theoretical Transient Analysis of the Radial Disc Heat Flux Meter 
(Lumped Analysis)
Too j
At 293°K
Copper Cp = 385 J/kg.K 
p =8930 kg/m3 
k = 385 W/m.K
r C o n s ta n ta n  
Disc C o p p e r  Block
ri
T« ,h
>  C o o l in g  
W a t e r
a>
Constantan :- Cp = 420 J/kg.K 
p = 8880 kg/m3 
k = 23 W/m.K
and, r± - 0.0035 m 
r0 = 0.0103 m 
t = 0.0023 m
Consideration of the system resistances to heat transfer and the 
thermal capacitances is given here.
Constantan Disc
Kdisc = V(hAoisc) 
where h = (4Sk/R2 ), and Adisc - area exposed to radiation = ttR2 , 
where R = r±.
(0.0035)2 
4 X 8.35X10 4X 23 X TT.( 0.0035)
4.144 °K/W 
pCp.V
8880 X 420 X tt.(0.0035)2 X 8.35X10 4 
0.120 J/°K
Copper Block
RCu = fi/kA, where fi, the characteristic length for heat transfer can be 
approximated to t, the copper disc thickness. A is the area of the 
copper disc exposed to radiation.
Therefore,
0.0023
385 X (7r(0.01032 - 0.00352 ) + 2tt(0.0103) X 0.0032)
0.012 °K/W
pCp.V
8930.0 X 385 X tt(0.01032 - 0.00352 ) X 0.0023 
2.331 J/°K
CU
CU
CU
Therefore, 
^ i s c  "
cDISC
Cooling Water Resistance
This is given as, Rc/w = 1/hAc/w# where Aq/w is the area available for 
heat transfer to the cooling water.
Here,
h > 18,000 w/m2.K 
when the cooling water flowrate is kept above 8.333xlO“5 m3/s. 
Therefore,
1
R  < ----------—  — z  ---- — —
C/W 18000 X n(0.0103 - 0.0035 j
R ■ < 0.188 °K/W 
C/W
Summarising
Rdisc = 4.144 °K/W 
CDISC = 0.120 J/°K
RCu = 0.012 °K/W 
RCu = 2.331 J/°K
Rc/w < 0.188 °K/W
From these values it can be seen that the resistance to heat transfer 
is dominated by the Constantan disc, whilst the copper block is 
virtually solely responsible for the thermal capacitance of the system. 
Thus, the thermal time constant for the system can be approximated by,
T * Rd i s c -ecu
a  4.144 X  2.331
a; 9.66 seconds
(B) Theoretical Transient Analysis of the 4rr-Ste radian Heat Flux Meter 
(Luaped Analysis)
Ri
Rr Rc 
A A z — - W
R con
A A r~
ccu y o u t
An appropriate solution describing the temperature-time response of the 
above thermal system to a step change in temperature can be given as 
(Benedict 1977),
T = AT 1 -
<rr r2>
~r2t . .e * +
< W
.e-rit (X.l)
where T is the sensor temperature at any time t, AT is the step change 
in temperature, with the initial temperature normalised at zero.
:1 'r2 =  [ 3 * [ ^  "  415 ]0'05 ]
where a = c (R + R. ) + c R cu o x Co
b = C C R R.Cu c o 1
/ 2b
The roots r^ and r are the reciprocals of the time constants,
System Constants
Outer area of ceramic shield (spherical section only), A<>
= TT. (0.07)2 _ (0.07 X 0.007 X IT)
= 0.01385 m2 
Wall thickness of ceramic = 2.5 mm 
Mass of ceramic shield spherical section = 0.115 kg 
(Cp)cERAMlC = H 3 9  J/kg.K (Rose & Cooper 1977 - 95% alumina) 
^CERAMIC = 3 W/m.K
Thermal Capacitances 
Cc (= Cc e r a m i c ) = m.Cp
= 0.115 X 1139 
= 130.99 J/°K
Ccu =2.33 J/°K 
Resistances
Unlike the water-cooled probe, the ceramic shield is a passive system 
and as such its response is dependent upon the radiative heat transfer 
coefficient, that is,
hR = €.ct.[Ts2 + TC2 ][TS + Tc]
Since Rr  = 1/TirAo  , then
1
JD =  -   — - ------------------     - ----- ----------------  ------------- ----------------  ■ -
5.67xlO~8 X € X [ T 2 + T 2][T + T ) X 0.01385
s c s c
When Tg % Tc , R^ can be written,
1.273x109
*R = 346. T
For the ceramic shield wall Rc = L/kAo , where L is the characteristic 
dimension which in this case can be taken as the wall thickness 
(=0.0025m).
R c  — 0 . 0 0 2 5 / ( 3  X  0 . 0 1 3 8 5 )
= 0.060 °K/W
From this analysis, the lumped transient response for the 4rr heat flux 
meter can be found using Eq. X.l and its solutions in r(=l/r). The 
particular solutions for the uncoated and coated heat flux meters are 
given in Figure 4.23.
APPENDIX XI
Thermodynamic Data for Use in Petemining the Adiabatic Dissociation 
Plane Temperature (Smith 1969)
Coefficients A, B, C of Equation (5.62) and 
Integration Constant AHS2gg ^5 of Equation (5.63)
1. Temperature range 1100 to 1900 K
Gas A B C A H S298.15
CO 6.385 2.030 x 10' 3 -4.500 x 107 -2.070 x 1 0 3
co2 9.946 4.040 x 10‘ 3 -9.125 x 1 0'7 -3.687 x IQ3
° 2 7.392 1.160 x 1 0 ' 3 -1.750 x 1 0 -7 -2.490 x 1 0 3
H 2 5.288 2.165 x 10" 3 -3.625 x
10-7 -1.292 x 103
h 2° 5. 726 4.965 x 10' 3 -8.625 x 1 0 ‘ 7 -1.709 x i o 3-
OH 5.771 1.810 x 1 0 " 3 - 2. 750•x 1 0 * 7 -1.578 x 1 0 3
H 4.968 0 0 -1.481 x 1 0 3
0 5.068 -9.500 x 10"5 2.500 x 1 0 " 8 -1.477 x 1 0 3
NO 6 . 726 1 . 855 x 10" 3 -4.250 x io"7 -2 . 2 0 2  x 1 0 3
N2 6.095 2.240 x 10" 3 - 5 . 000 x 1 0 ' 7 -1.921 x VO3
2 . Temperature range 1900 to 2700 K
CO 7.485 8.400 X 1 0'1* - 1 . 250 x 1 0 - 7 -2.755 x 103
c o2 1.218x101 1.600 x IQ' 3 -2.375 x 1 0 " 7 -5.071 x 103
° 2 7. 869 6.050 x IO"1* -1.250 x 1 0' 8 -2.766 x 103
H2 5. 806 1 . 545 x '10" 3 -1.750 x 10"7 - 1 . 585 x 1 0 3
h 2° 7.197 3.485 x 10' 3 -4.875 x 1 0"7 -2.691 x 1 03
OH 6.198 1.420 x 10" 3 -1.875 x 10-7 - 1 . 887 x 103
H 4.968 0 0 - 1 .4 81 x 103
0 5.078 -1 . 0 0 0  x 10 ' *4 2.500 x 1 0 " 8 -1.4 87 x 103
NO 7.730 7.400 x 10'"1*- -1.125 x 1 0 ' 7 -2.811 x 103
n2 7.231 9,850 x IO"1* -1.500 x 1 0'7 -2.613 x 103
3. Temperature range 2700 to 3500 K
Gas A B C AHS298.15
CO 7.980 4.550 x 10" 4 -5.000 x 10"8 -3.180 x 103
C 0 2 1.317x101 8.300 x 10"'**• -8.750 x 10"8
-5.922 x IO3
° 2 7.368 9.900 x 10'“ -8 . 750 x ■ 10"8 -2.326 x .'10®
H 2 7 . 345 5.050 x 10_t*
0 -3.098 x 103
h 2° 9.201 2.005 x 10" 3 -2.125 x 10“7 -4.512 x 103
OH 6.830 9.500 x IQ'1* - 1 . 0 0 0 x 1 0 ' 7 -2.454 x 103
H 4.968 0 0 -1.481 x 103
0 5.289 -2.450 x 10'u 5.000 x 10"8 -1.692 x 103
NO 8 . 1 0 0 4. 350 x 10_I+ -5.000 x 10' 8 -3.108 x 103
N2 7.910 4.650 x 10_t4 -5.000 x 10"®' -3.208 x 10 3
ZA, ZB, ZC, J and I of Equation ( 5.64 )
1. Temperature range 1100 to 1900 K
Reaction ZA 2B i:C J I
1 1.350x10_1 - 1 .4 30x10 3 3.750x10'7 e.soixio11 1.OSSxIO
2 3.258 -2. 220x10-3 4.125x10'7 5.697x10'* -5.300
3 2.689 -2.072x10 "3 4.06 3x10" 7 6.672x1 O'* -1.327
4 2.324 - 1 .082x10"3 1.812x10'7 5 .1 27x1 O'* -1.933
5 1 .372 - 6 . 750x10"** 1 .1 2Sx1 0 ' 7 5.933x1 O'* 2.664
6 -1.750x10'2 1.550x10^ 8.750x10'® 2. 158x10^ 1 .536
2. Temperature range 1900 to 2700 K
1 -7.605x10'! - 4 . 5 7 5x 1 0 "■> 1.062x10'7 6 . 85 7x 10'* 1.371x10*
2 2.544 - 1.638x10'3 3.062x10'7 5. 752x10“* -2 . 6 8 6
3 1.904 -1.293x10'3 2.125x1 O ' 7 6 . 7 2 4 x 1011 1.480
Reaction IA ZB ZC r J
4 2.065 -7. 725x10'“ 8 . 750X10-® 5.141x10“ -1.029
5 1.144 - 4. 0 25x1 O'1* 3.1 25x10"8 5.945x10“ 3.461
6 1. SOOxlO' 1 -S.SOOxlO ' 5 -3.1 25x10"® 2.146x10“ 8.366X10'1
3. Temperature range 2700 to 3500 K
1 -1.506 1 .2 0 0x 1 0'“ -6.250x1 O ' 9 6.922x10“ 1.647X101
2 1.828 -1 .005x19 ' 3 1.687x1 O ' 7 5.805x10“ -8.975x10' 2
3 1.302 -8.025x10'“ 1.125x1 O ' 7 6.774x10“ 3.697
4 1.296 -2.525x10 11 - • 0 ' 5.217x10“ 1.873
5 1.605 -7.400x10'“ 9. 375x10'® 5.903x10“ 1.737
6 1.610x10'! -2.925x10'“ 1 . 875x10"8 2.124x10“ 1.913x10'!
where aHs in cal/mole, R* in cal/K mole
APPENDIX XII
Recuperator Simulation Program Listing
C ************** RECUPERATOR M E L  * * * * * * * * * * * * * *
C
c 
c
C [2ND NOV. 1985]
C
C •
C THIS PROGRAM WILL PREDICT THE TEMPERATURE PROFILES WITHIN THE 
C RECUPERATOR ANNULI {THAT IS A) FLUE GASES OUT,
C B) COMBUSTION AIR IN
C ALSO THE METAL WALL TEMPERATURES ARE CALCULATED.
C
C
DIMENSION A i m (300) ,FGTM(30O) ,T1{30O) ,T2{300),
+T3{300),T4(30O),T5(300),T6(300),T7(300)
C
READ(5,*) AIRT 
READ(5,*) AIRFLO 
READ (5,*) FGTEM 
READ(5,*) FGFLO 
READ{5,*) C02 
READ(5,*) CO 
READ{5,*) X02 
READ(5,*) N 
READ(5,*) FGOD 
READ(5,*) FGID 
READ{5,*) AIROD 
READ{5,*) AIRID 
READ(5,*) GAPOD 
READ(5,*) RECLEN 
READ(5,*) TOL
C
c
C EVALUATION OF CORRECTED C02,C0,02fH20,N2 QUANTITIES IN THE FLUE 
C GASES [ FOR NAT. GAS ; P[H20]/P[C02]=2 3 
XN2=100.0- (C02+CCH-X02)
H2O=CO2*2.0
A=(100.0+H2O)/100.0
C02W=C02/A
COW=CO/A
X02W=X02/A
XN2W=XN2/A
H20W=H20/A
C
C LENGTH OF ISOTHERI-IAL ZONES 
DELTA=REC1£T'I/FL0AT (N)
C
C FLOW AREAS AND WALL THICKNESSES 
PI=3.1415926
FGAREA=PI* ((FGOD*FGOD) - (FGID*FGID))/4.0 
HYDFG=FGOD-FGID
AIREA=PI*{(AIROD*AIROD)-(AIRID*AIRID))/4.0
HYDAIR=AIROD-AIRID
W23T=(FGID-AIROD)/2.0
W45T= (AIRID-GAPOD)/2.0
AIRTM(1)=AIRT
PG1K(1)=PGTEM
C
C
C CALCULAHON OF RECUPERATOR TEMPERATURE PROFILES
c
DO 8888 J=1,N
C
C EVALUATION OF GAS PHYSICAL PROPERTIES
CALL PHYSIC {J, AIRTM, FG7IM, C02W, COW, X02W, XN2W, H20W, VISAIR,
+VISFG f CPAIR, CPFG, TKAIR, TKFG, DNAIR, DNFG,
+PRAIR,PRFG)
C
C GAS VELOCITIES IN ZOfvIE IN QUESTION 
VELAIR=AIRFLO/(I«IAIR*AIREA)
VELFG=FGFLO/ (DNFG*FGAREA)
C REYNOLDS NUMBERS OF GAS FLOWS (ZONED)
REAIR= (IMIR*VELAIR*HYDAIR) mSAIR 
REFG= (DNFG*VELFG*HYDFG) /VISFG
C
C EVALUATION OF CONVECTIVE HEAT TRANSFER COEFFICIENTS
CALL CONV (RECLEN, HYDFG,HYDAIR, REAIR, REFG,PRAIR,PRFG, 
+TKFGfTKAIRfHFClfHFC2fHFC3,HFC4)
C
C EVALUATION OF GAS/SURFACE & SURFACE/SURFACE EXCHANGE AREAS 
CALL RAD (J,AIR3D,AIROD, FGOD, FGID, RECLEN, C02W, FGIM,
+FW3W4, FGW1 , FGW2, FW1W2)
C
C EVALUATION OF THERMAL CONDUCTIVITIES OF THE RECUPERATOR WALLS 
C AND GAS PIPE. RECUPERATOR WALLS ARE FABRICATED FROM S/S TYPE RA446 
C (EQUIV. S/S ARE 321,347,ETC).THE GAS PIPE IS FABRICATED FROM 
C MILD STEEL.
AVT23=(FGTH (J)+AIRTM(J))/2.0
AKR23=9.107134+(0.019983*AVT23)-(4.62847SE-6*AVT23*AVT23)
C
C
C EVALUATION OF THE ZONED HEAT BALANCES
CALL HEAT (J, FGOD,FGID, AIROD,AIRID,GAPOD,DELTA, FGTM,
+TOL, FGW1, KFC1, FW1W2, HFC2 ,FGW2, AKR23, HFC3, AIRTM, FW3W4, HFC4, 
+T1,T2,T3,T4,T5,T6,T7,COMB,AIR)
C
FGTH (J+l)=<COMB/ (FGFLO*CPFG)) +FGTM (J)
AIRTM (J+l)=(AIR/ (AIRFLO*CPAIR)) +AIRTM (J)
C
C
c
8888 CONTINUE
CALL WRlTE(AIRFLO,FGELO,Tl,T2,T3,T4,FGTM,AIRra,N,RECLEN)
C ■.
c
c
STOP
END
C
C
c
c
c
c
c
c
SUBROUTINE PHYSIC (J, AIRTM, FGTM,C02W, COW,X02W,XN2W,H20W, 
+VISAIR,VISFG,CPAIR,CPFG,TKAIR,TKFG,
+DNAIR,DNFG,PRAIR,PRFG)
0
0
0
 
n
o
n
 
o 
o 
o
n
 
n
o
DIMENSION AIKIM(300) ,PGTM(300)
C
C DATA POLYNOMIAL FITS (LAGRANGIAN)
AKN2=0.011803+ (5.33884E-5*PG7IM (J)) - (2.60819E-9*FGTrM( J) *FGTM (J)) 
AKO2=O.0O428+(7.96144E-5*F(Jn»I{J) )-(1.20501E-8*FC?m(J) *FGTM(J)) 
AKH2O=-0.007657+ (7.84286E-5*FGTM (J))+(1.92857E-8*F(?IM (J) * 
+FG7TM(J))
AKCO2=-0.013389+(1.04668E-4*FGnM(J) )-(2.34978E-8*FGTM(J) * 
+FGTO(J))
AKCCH).0047964+ (7.374242E-5*FG1M(J)) — (1.378788E—8*F<JIT'I (J) * 
+FGTH(J))
CPN2=979.5506+(0.155658*FG'IM(J))+(2.53968E-5*FGTM {J) *FGIT1(J)) 
CPO2=803.1446+ (0.402505*FG7TM (J)) - (1.18504E-4*FCtIM (J) *FGITI (J)) 
CPH20=1748.477+ (0.38861*FGTM (J))+(1.43611E-4*FGTM {J) *FCni(J)) 
CPC02=589.9169+ (1.01719*FG?IK (J j) - (3.66122E—4*FG?IT'4 (J) *FG?FH (J)) 
CPCX>=962.9415+(0.222653*FGT!KJ) )-(7.46364E-6*FGTI4(J) *FGTM(J))
UN2=6.821954+ (0.0412265*FGTT1 (J)) - (7.629372E-6*FG7M {J) *FGm(J)) 
UO2=6.98378+(0.05092*FG?n>l(J) )-(9.35658E-6*F(7m(J)*FGrm(J)) 
UH20=-3.08+ (0.0407*FGTM {J)) + (1. O0153E-17*FOT (J) *PGTM (J)) 
UC02=2.768539+ (0.044794*FGrn4 (J)) - (7.85655E-6*FGTH(J) *FCTH (J)) 
UCO=5.65704+ (0.044833*FG7M (J)) - (9. 6O0205E-6*FG,ITI (J) *FGTM (J))
TKFG= ((AKN2*XN2W) + (AK02*X02W) + (AKH20*H20W) + (AKC02*C02W) +
+(AKCO*COW))/100.0
CPFG= ((CPN2*XN2W)+(CP02*X02W)+(CPH20*H20W)+(CPC02*C02W) + 
+(CPCO*COV))/1OO.0
VISFG= ((UN2*XN2W)+(U02*X02W) + (UH20*H20tf) + (UC02*C02W)+(UC0*OT) 
+)/1OO.0
VISFG=VISFG*1.OE-6
DENSITY OF FLUE GASES 
X=273.0/FGTIli 
DN2=1.250*X 
D02=1.429*X 
DH2O=0.800*X 
DC02=1.977*X 
DCO=1.250*X
DNFG= ((EN2*XN2W)+(D02*X02W)+(DH20*H20W) + (DC02*C02W)+(DCO*COW) 
+)/100.0
PHYSICAL PROPERTIES OF DRY AIR
CPAIR=0.970707+ (7.855538E-5*AIRTO (J))+(9.56502E-8*AIR,m  (J) *
• +AIRH-KJ))
CPAIR=CPAIR*1000.0
VISAIR=0.41847+(0.0052313*AIRWl{J))-(1.5099E-6*AIR,m{J)*
+AIRTO(J))
VISAIR=VISAIR*1.0E-5
TKAIR==0.206+0.0087467*AIRTM(J) - (2.21324E-6*AIRTM( J) ^AIRTH (J))
miR=TKAIR*1.0E-2
PRAIR=CPAIR*VISAIR/TKAIR
ENAIR=1.2928*(273.0/AIRTM(J))
O
O
O
O
O
O
O
O
O
O
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o
C FLUE GAS PRANDTL WO
PRFG= (CPFG* VISFG) /TKFG
RETURN
END
SUBROUTINE CONV(RECLEN,HYDFG,HYDAIR,REAIR,REFG, 
+PRAIR', PRFG, TKFG f TKAIR, HFC1, HFC2, HFC3, HFC4)
FLUE GAS H.T.C'S:
THERMALLY DEVELOPING TURBULENT FLOW [HC ADAMS]
HFC1=0. 023* (REFG**0.8) * (PRFG**0.33) * (1.0+ ((HYDFG/RECLEN) **0.7)) 
+* (TKFG/HYDFG)
HFC2=HFC1
AIR H.T.C'S:
THERMALLY DEVELOPING SWIRLING FLOW (DUE TO BAFFLES AT ENTRANCE 
TO ANNULUS); [HART,G:PRIVATE COMM.N].
HFC3=0.214* (REAIR**0.772) * (PRAIR**0.33) * (TKAIP./HYDAIR)
HFC4=HFC3
RETURN
END
SUBROUTINE RAD(JfAIRIDrAIROD,FGODrFGID,RECLEN,C02WfFGTM, 
+FW3W4,FGW1,FGW2,FW1W2)
C
C
DIMENSION FGTM(300)
C EMISSIVITY OF RECUPERATE SURFACES:
C S/S SHELL:E(NORMAL)=0.90-0.97 (420.F - 980.F)
C -FOR S/S TYPE 310 OXIDISED FROM FURNACE USE [HOTTEL & SAROFD-I] 
C REFRACTORY SURFACE :E=0.50 (GENERAL VALUE FOR REFRACTORIES) 
E2’HSSW=0.94 
E2'HSSR=0.50 
PI=3.1415926 
C SURFACEME INTERCHANGES (AIR FILLED SPACES)
C FOR CONCENTRIC ANNULI:- 
C (E1-E2)
C Q ---------------
o
o
o
o 1 Alt 1 I1}
EMI A2{EM2 }
FW3W4=1.0/( (1.0/FMISSW)+( ((AIRWAIROD)**2.0)*( (1.0/FMISSW) 
4-1.0)))
C
C FLUE GAS ANNULUS INTERCHANGE:-
C FLUE GAS FlflSSIVTIY [BASED ON HADVIG'S EHISSIVnY CHART FOR
C P[C02] .L VS. S4M(G) .T(G). FOR NATURAL GAS A RATIO OF 
C P[H20]/P[C02] OF 2 CAN BE USED WITH LITILE ERROR. THE 
C RELATIONSHIP HAS BEEN SET IN THE FORM OF TWO EQUATIONS FROM 
C WHICH THE GAS HCSSIVITY CAN BE EVALUATED].
C THE MEAN BEAM LENGTH IS TO BE CALCULATED USING THE APPROXIMATE
C RELATIONSHIP:
C L(M)=3.5*[VOL. OF GAS/AREA OF RECEIVING SURFACE]
C -[REF:HOTTEL & SAROFIM].
C
VOL=RECLEN* ((FGOD*FGOD) - (FGID*FGID)) *PI/4.0
ALM1=3. 5*VOL/ (FGOD*PI*RECLEN)
AIM2=3. 5*VOL/ (FGID*PI*RECLEN)
PC02L1=ALM1*C02W/100.0 
PCO2L2=AU-12*CO2W/1O0.0 
C FOR P[CO2].L(M)=0.002 TO 0.015 
EGTG1=7307. 7*PCO2Ll+20.38 
EGTG2=7307.7*PCO2L2+20.38 
EG1=EGTG1/FGIM(J)
EG2=EGTG2/FGTM(J)
FGW1=1.0/((1.0/EMISSR)—1.0+<1.0/EG1))
FGW2=1.0/((1.0/EMISSW)-1.0+(1.0/EG2))
A=(FGID*FGID)/(FGOD*FGOD)
FW1W2=1.0/((1.0/EMISSW)-1.0+(1.0/(1.0-EG2))+A*{(1.0/EMISSR) 
+”1.0))
C
C •
RETURN
END
C
c
c
c
c
c
c
c
c
SUBROUTINE HEAT{J,FT£D,FOB,AIROD,AIRID,GAPOD, 
+DELTA,FGm,TOL,FGWl,HFCl,FWlW2,HFC2,FGW2,AKR23,HFC3,AIRTOfFW3W4, 
+HFC4,T1 ,T2,T3 ,T4 ,T5 ,T6 ,T7,
■+OCMB,AIR)
C
C
DIMENSION PGTM(300) ,AIR1M(300) ,T1(300) ,T2(300) ,T3(300),
+T4(30O),T5(300),T6(300),T7(300)
C
SIG=5.67E-8 
PI=3.1415926 
X=PI*DELTA 
AR1=FG0D*X
AR2=FGID*X
AR3=AIR0D*X
AR4=AIRID*X
AR5=GAP0D*X
Y=1.0
ZMXL5.875
C
C
IF(J.EQ.l) Tl(J)=FGTM(J)-350.0 
IF(J.NE.l) T1{J)=T1(J-1)
1000 A= (HFC1*AR1*(FGTM(J)-T1 (J)))+ (SIG*AR1*FGW1*((FGm(J)**4.0) 
•HT1(J)**4.0)))
RA=T1(J) **4.0 
RB=A/(SIG*AR2*FW1W2)
IF(RB.GE.RA) Tl(J)=Tl(J)+ZnC 
IF(RB.GE.RA) GOTO 1000
T2(J)=((T1(J)**4.0)-(A/(SIG*AR2*:FW1W2)) )**0.25 
B=(HFC2*AR2* (FGTI1 {J) -T2 (J)))+(SIG*AR2*FGW2* ((FGTH (J) **4.0)
+- (T2 (J) **4-0)))+(SIG*AR2*FW1W2* ((T1 (J) **4.0) - (T2 (J) **4.0)))
T3 (J) =T2 (J) - ((ALOG (FGID/AIROD) *B) / (2. 0^ AKR23*PI*DELTA))
C= (2.0*AKR23*PI* (T2 (J) -T3 (J)) *DELTA) / (ALOG (FGID/AIROD)) - 
+(HPC3*AR3* (T3 (J) -AIRTli (J)))
IF(C.LE.0.000) T1(J)=T1(J)-(ZII'IC*1.835)
IF(C.LE.G.000) GOTO 1000 
RC=T3(J)**4.0 
RB=C/(SIG*AR4*FW3W4)
IF(RD.GE.RC) T1 {J) =^T1 (J) + (ZINC*1.5427)
IF(RD.GE.RC) ZINC=ZINC/1.09 
IF(RD.GE.RC) GOTO 1000
T4 (J)=((T3 (J) **4.0) - (C/(SIG*AR4*FV3y4))) **0.25
C
C
COIffi=HFCl*ARl* (FGIM {J) -T1 (J)) + (HFC2*AR2* (FGIT1 {J) -T2 (J)))
++ (SIG*AR1*FGW1* ((FGTO (J) **4.0) - (T1 (J) **4.0)))
++ {SIG*AR2*FGW2* ((FGIM (J) **4.0) - (T2 {J) **4.0)))
AIR=HFC3*AR3* (T3 (J) -AIRTM (J)) +HFC4*AR4* (T4 (J) -AIRTM (J))
C ■
C
IF (ABS (COMB-AIR) .LT.TOL) GOTO 5000 
IF (OCX®.LT. AIR) T1(J)=T1(J)-Y 
IF (CO®. GT. AIR) T1(J)=T1{J)+(Y*1.25)
IF (OCX®.GT. AIR) Y=Y/1.5 
IF(Y.LT.O.l) Y=Y*125.0 
GOTO 1000
C
c
5000 RETURN 
END
SUBROUTINE WRITE (AIRFLO,FGFLOfTl,T2,T3fT4,FGTM, AIRTM,N,RECLEN)
C
C
DIMENSION 11(300) ,T2(300) ,T3(300) ,T4(300) ,FG1M(300) ,AIR1M(300)
C
C
WRITE(6f1009)AIRFLO 
1009 FORMATUH , ’COfrBUSTION AIR FLOWRATE =’ ,F7.5,' (KG/SEC)'//)
WRITE (6,1008) FGF1/0 
1008 FORMAT(1H , ’FLUE GAS FLOWRATE =’ ,F7.5, ’ (KG/SEC)'//)
WRITE (6,1111 )REd£N 
1111 PORMATdH ,'RECUPERATE LENGTH =\F5.3,’M7/)
WRITE(6,1112) N
1112 FORMAT(1H , 'NUMBER OF ZONES =' ,13,///)
C
WRITE (6,1113)
1113 FORMAT (1H T1 T2 F/G T3
+'//)
DO 999 J=1,N
WRITE(6,1114)H(J) ,T2(J) ,FGIM(J) ,T3(J) ,T4(J) ,A]1TO1{J)
1114 FORMAT(1H ,6F10.2)
999 CONTINUE
C
C
RETURN
END
APPENDIX XIII
Furnace Simulation Program Listing
C WELL - STIRRED SPECKLED WALL RJRNACE MODEL FOR GAS FURNACE 
C *** STEADY STATE ***
C
C
C 29:11:85
C 
C 
C
DIMENSION CO(3,4) ,C02(3,4) ,02(3,4) ,H2(3,4) ,H20(3,4) ,OH(3,4), 
-m(3,4) ,0(3,4) ,ANO(3,4),AN2(3,4) ,R1{3,5) ,R2(3,5) ,R3(3,5), 
+R4(3,5) ,R5(3,5) ,R6(3,5) ,NAMFL(20)
C
READ (7,5) PRESS 
READ(7,5)FEEMC 
READ(7,5)CGTEMC 
5 FORMAT (20X,F10.4)
FTEMK=FTE2fC+273.16 
CGTEMK=CGIEMC+273.16 
READ(7,7) (NAMFL(I) ,1=1,20)
7 FORMAT (20X, 20A2)
READ(7,*)
READ (7,10) PN2MF, PN2DH, PN2HC, PH2MF, PH2DH, PH2HC,
+ P02MF, P02DH, P02HC, PH20MF, PH20DH f PH20HC,
+ PC0MF,PCODH,PC0HC,PCO2MF,PCO2DH,PCO2HC,
+ P1H4MF, P1H4DH, P1H4HC, P2H6MF, P2H6DH, P2H6HC,
+ P3H8MF, P3H8DH, P3H8HC, P4H10F, P4H10H, P4H10C,
+ P5H12F, P5H12H, P5H12C, P6H14F, P6H14H, P6H14C
10 FORMAT(7X,F10.8,F10.4,F10.4)
C
C READ IN HEATS OF FORM'N OF FREE RADICALS (ie. ,0H,H,0,N0).
READ (7,15)POHDH,PHDH,PODH,PNODH 
15 FORMAT (17X,F10.4)
C
C READ IN COMPOSITION OF GAS UTILIZED FOR COMB'N;
C (AS MOLE FRACTIONS OF 02,N2,and H20)
READ (7,20) CG02, CGN2, CGH20 
20 FQRMAT(20X,F10.8)
C
C READ IN ACCURACY OF HEAT BALANCE REQUIRED (to + or - 'value') 
READ(7,*)HBALAC
C
C
C
C*****SMITH DATA 
C
READ(5,*)
READ(5,*)
READ(5,*)
DO 3 1=1,3 
READ(5,*)
READ(5,*)(C0(I,J),J=1,4)
READ(5,*)(0>2(I,J),J=1,4)
READ(5,*) (02(1,J) ,J=1,4)
READ 5,* H2(I,J),J=1,4)
READ(5,*)(H20(I,J),J=1,4)
READ(5,*) (OH(I,J) ,J=1,4)
READ 5,*) H(I,J),J=1,4)
READ 5,* 0(I,J),J=1,4)
READ(5,*)(AN0(I,J),J=1,4)
READ(5,*)(AN2(I,J),J=1,4)
3 CONTINUE 
READ(5,*)
. DO 4 1=1,3 
READ(5,*)
READ 5,* (R1(I,K),K=1,5)
READ(5,*) R2(I,K ,K=1,5 
READ(5,* R3 I,K ,K=1,5 
READ(5,*) (R4(I,K) ,K=1,5)
READ 5,* R5 I,K ,K=1,5 
READ(5,*)(R6(I,K),K=1,5)
4 CONTINUE
C
C
C
C
C
PI=3.1415926 
SIG=5.67E-8 
FDI=0.762 
FLENI=1.526
AREF={ (FDI*PI) *FLENI)+2.0* ((FDI*FDI) *PI/4.0)
ASINK=0.762*2.0*(0.025*PI)*5.0
ATOT=AREF+ASINK
CS=ASINK/ATOT
TEHL=373.16
EMMREF=0.5
EMSINK=0.90
C
C STEADY STATE FIRING RATE 
WRITE(2,8)
8 F0RMAT(1H ,'**NAT. GAS FIRING RATE & 0 VALUE**'//)
WRITE(2.18)
18 FORMAT(1H ,'NAT. GAS FIRH^ G RATE (KG/SEC):-')
READ(1,*)GASR
WRITE(2,23)
23 FORMATOH '0 RATIO 
WRITE(2 21)
21 FORMAT{1H ,1Input Lower Value of 0 Ratio (Real No.):-') 
READ(1,*)FID
WRITE(2,22)
22 FORMAT(1H ,'Input the Increment Required (Real No.):-') 
READ(1,*)FINC
WRITE(2,27)
27 FORMAT(1H ,'Input the No. of Values to be Investigated (Int):-1) 
READ(1,24)IFIR
24 FORMAT (12)
WRITE (2,909)
909 FORMAT(1H , ’DO YOU REQUIRE ANALYSIS BASED ON DISSOCIATED FLAME 
4<XM)ITI0NS ... (YES=1;RETURN IF NO).')
READ(1,28)UMJ
28 FORMAT (II)c ;
c
FID=FID*100.0
IFID=IFIX(FID)
FBJC=FINC*100.0 
IFINC=IFIX (FU'IC)
IUP=IFIDf (IFINC*IFIR)
DO 8181 J=IF3D,IUP, IFINC 
FIVAL=FLOAT (J) /100.0 
XENC=10.0
C
C GAS TEMP - GUESS 
TG=1000.0
C
C EVALUATION OF ADIABATIC DISSOCIATION GAS COMPOSITION &
C ADIABATIC FLAME TEMPERATURE .
999 CALL FLAME (GASR, JMJ, PI42MF, PN2DH, H O T , PH2MF, PH2DH, PH2HC, 
+F02MF,F02DH,P02HC/PH20MF/PH20DH,PH2QHC,
+PC0MF, PCODH, PCOHC f PC02MF , PC02DH, PC02HC,
+P1H4MF, P1H4DH, P1H4HC, P2H6MF, P2H6DH, P2H6HC ,
+P3H8MF f P3H8DH, P3H8HC, P4H10F, P4H10H, P4H10C,
+P5H12F, P5H12H, P5H12C, P6H14F, P6H14H, P6H14C, FIVAL,
+CGH20, CGN2, CG02, CGTEMK, HBALAC, PRES S, POHDH, PHDH, PODH , PNODH,
+CO,C02,02,H2,H20,QH,H,0,ANO,AN2,R1,R2,R3,R4,R5,R6,
+HF,ADFT,A,B,CfD,E,FfG,HH,AI,AJ)
C
C WRITE(2,562)HF,ADFr 
C562 F0RMAT(1H ,2F15.5)
C
C
C
s: convective h .t.c . -  rose & cooper
300 CALL PHYSIC(TG,A,BfC,E,AJ,VTSC,CPFG,TTCFG,DNFG,PRFG)
C WRITE(2,1198)TG,A,B,C,E,AJ,VISC,CPFG,,nCFG,DNFG,PRFG 
C1198 FORMATCLH ,11F10.4)
AIRRTB=GASR*FIVAL*16.528
PITCH=0.06
TDIA=0.025
INO=5.0
VMAX=AIRRTE/(DNFG*m>* (PITCH-TDIA) *0.762)
RE= (ENFG*VMAX*TDIA)/VISC 
C WRITE(2,3333) RE 
C3333 FORMAT(1H ,F10.3)
CALL PHYSIC (TOIL, A, B,C,E,AJ,VISCl,CPFGl,'n(FGl,DNFGl,PRFGl) 
F1=(PRFG/PRFG1)**0.26
F2=0.8
NUSS=O.273*(RE**0.635)*(PRFG**0.34)*F1*F2 
HCONV= (NUSS*TKFG) /0.025 
C WRITE{2f3344)HCQNV 
C3344 FORMATHH F10 3)
C GAS EMISSIVnY' (FOR P [H20] /P [C02] =2.0 : REF-HADVIG)
PLM= ((4. 0*0.88* ((FDI*FDI*PI/4.0) *FLENI)) /ATOT)
X=PLM*(B+E)
C FOR Z=2700.0 (HADVIG)
Y=2.645E-5 + 1.355E-3*X - 8.061E-3*X*X + 3.362E-2*(X**3) - 
+ 8.332E—2*(X**4) + 1.176E-1*(X**5) - 8.755E-2*(X**6) +
+ 2.670E-2*(X**7)
EGLM=Y* (2700.0-TG)
X=2.0*PLM*(B+E)
Y2=2.645E-5 + 1.355E-3*X - 8.016E-3*X*X + 3.362E-2*(X**3)
+ 8.332E-2*(X**4) + 1.176E-1*(X**5) - 8.755E-2*(X**6) +
+ 2.670E-2* (X**7)
EG2LM=Y2* (2700.0-TG)
C TOTAL EXCHANGE AREAS
AG= (EGtii*EGLM) / ((2.0*EGU*1) +EG2U4)
GDB=1.0- (EGLM/AG)
FDD= ((1.0-EMMREF) * (1.0- (1.0-EMSINK) *GDD)) * (ASINK/AREF)
■H- (1.0/GDD)-(1.0-E'IMREF)
C GAS TO SINK EXCH AREA:-
GS1=( (EGLM*IMSIMK) /FDD) * ((1.0-EMMREF) * (ASH«(/AREF)+(1.0/GDD)) 
+*ASINK 
PK=TEM1/TG 
TGAS1= (TG+TEM1) /2.0
GS1RC=GS1*((1.0-(PK**3.0))/(1.0-(PK**4.0)))+
+ (ASINK*HCONV/ (4.0*SIG* (TGAS1**3.0)))
C REFRACTORY WALLS:-
GS2= ((EGLM*EMMREF) /FDD) * {((1.0-EMSINK) * (ASINK/AREF))+(1. G/GDD)) * 
+AREF
C SINK TO REF.Y EXCH AREA:-
S1S2= (EMMREF*E1SINK) * ((AG/FDD) + (1.0-AG)) *ASINK 
C TOTAL HEAT TRANSFER:-
QG1=GS1RC*SIG* ((TG**4.0) - (TEICL**4.0))
SQ=(GS2/S1S2)
TREF=( ((SQ*(TG**4.0) )+{TEMl**4.0)) / (1.0+SQ) )**0.25 
QR1=S1S2*SIG* ((mF**4.0)-(TEM1**4.0))
QR1=QR1/1000.0
QG1=QG1/1000.0
QT0T=QG1-K)R1
C
C WRITE (2 f 1109) QTOT
C1109 FORMAT(1H ,F10.3)
CALTG=(((HF-(0.75*QTOT))/HF)*(ADFT-298.16))+298.16 
C WRITE (2,5588) TG,CALTG
C5588 FORMAT(1H r2F15.3)
IF(ABS(CALTG-TG) .LT.0.005) GOTO 1000 
IFOFG.GT.CALTG) GOTO 100 
TG=TG+XINC 
GOTO 200 
100 TG=TG-XINC 
XINC=XINC/10.0 
TG=TG+XENC 
200 GOTO 300
C
C
1000 DED= (QTOT* (ADFT-298.16)) / (4.0*HF)
TOUT=TG-DET
CALL RECUP (TOUT, AIRRTE,CGKKK)
WRITE (2,7000) CGTEMK,CGKKK 
7000 FORMAT(1H ,'***',2F15.5,'***’)
IF (ABS(CGrrEMK-CQO(K).LT.0.002) GOTO 8787
CGTEMK=CGKKK
XINC=10.0
GOTO 999
C
C
8787 WRITE(6,87)
87 FORMAT(1H .'**** SPECKLED WALL WELL STIRRED FURNACE ****•///) 
WRITE(6.51)GASR
51 FORMAT(1H .'Natural Gas Firing Rate =',F10.6,'kgs/s'//) 
WRITE(6.52)FIVAL
52 FORMAT(1H ,' [AIR/FUEL]actual/[AIR/FUEL]stoic. Ratio =\F5.2//) 
WRTIE(6 9l)lREF
91 FORMAT(1H .'Refractory Wall Temperature =',F10.3,’ deg.K'//) 
WRITE(6,59)HF
59 F0RMAT(1H „'Heat Input to Furnace (Fuel & Air) =\F10.3,'kW'//)
WRITE(6,92)
92 FORMAT(1H .'HEAT TRANSFER TO FURNACE LOAD :-'/)
WRITE(6,56)QG1
56 FORMAT(1H /Gas to Sink (Rad.n & Conv.n) =',F10.3,'kW'/)
WRITE (6.57) M l . . ■
57 FORMATOH /Refractory Walls to Sink (Rad.n) =',F10.3,'kW'/) 
WRITE (6,58) QTOT
58 F0RMAT(1H /Total Heat Transfer to Sink =',F10.3,'kW'//) 
WRITE(6,93)ADFT
93 FORMAT(1H .'Adiabatic Flame Temperature =',F10.3,' deg.K'//) 
WRITE(6,94)CGKKK
94 F0RMAT(1H ,'Preheated Air Temperature =',F10.3,' deg.K'//) 
WRITE(6.95)TG
95 FORMAT (1H,'Furnace Gas Temperature =',F10.3,' deg.K'//)
WRITE (6,96) TOUT
96 FORMAT(1H ,'Furnace Gas Outlet Temperature =',F10.3,' deg.K'//) 
WRITE(6,101)
101 FORMAT(1H ,'FURNACE GAS ANALYSIS (from FLAME):-'/)
B=B*1O0.0
WRITE(6,102)B
102 F0RMAT(1H ,'Carbon Dioxide =',F6.3,'%'/)
A=A*100.0
WRITE(6,103)A
103 FORMATUH ,'Carbon Monoxide =',F6.3,’%'/)
C=€*100.0
WRITE(6,104)C
104 F0RMAT(1H ,'Oxygen =',F6.3,'%'/)
E=E*100.0
WRITE(6,105)E
105 FORMATCLH , 'Water =' ,F6.3,'%'/)
AJ=AJ*100.0
WRITE(6,106)AJ
106 FORMATOH, 'Nitrogen =’,F6.3,'%'/)
C
WRITE(6,111) .
Ill FORMATOH ,/////)
C
C
WRITE(2,7003)
7003 FORMAT(1H ,///)
8181 CONTINUE 
STOP 
M)
C
C
c
c
c
c
c
SUBROUTINE FLAME (GASR, JMJ, PN2MF, PN2DH, PN2HC, PH2MF, PH2DH, PH2HC, 
+P02MF, P02DH, P02HC, PH20MF, PH2C®H, PH2CSiC,
+PCCMF, PCODH, PCXB3, PC02MF, PC02DH, PC02HC,
+P1H4MF, P1H4DH, P1H4HC, P2H6MF, P2H6KI, P2H6HC, 
+P3H8MF,P3H8DH,P3H8HC,P4H10F,P4H10H,P4H10C,
+P5H12F, P5H12H, P5H12C, P6H14F, P6H14H, P6H14C, FIVAL,
+CQH20, CGN2, CG02, CGTEMK, HBALAC, PRES S, POHDH, PHDH, PODH, PNODH,
4C0,C02,02,H2,H20,0H,H,0,AN0,AN2,R1,R2,R3,R4,R5,R6,
■fHF,FTEMP,A,B,C,D,E,F,G,HH.AI,AJ)
DIMENSION C0(3,4) ,C02(3,4) ,02(3.4) ,H2(3,4) ,H20(3.4) ,OH(3.4),
+ H(3,4),O(3,4),AN0(3,4).AN2(3,4),Rl(3,5),R2(3,5),
+ R3(3,5),R4(3,5),R5(3,5),R6(3,5)
C
C
C
C
•C EVALUATION OF STOICHIOMETRIC CG/F RATIO (IGNORING N2 OXIDATION),
C [on a STD VOL/STD TO basis).
REQDO=PH2MF*0.5 + PCQMF*0.5 + P1H41-IF*2.0 + P2H6MF*3.5 
+ + P3H8MF*5.0 + P4H10F*6.5 + P5H12F*8.0 + P6H14F*9.5 
+ - P02MF 
STGFR=REQD0/CG02
C
C EVALUATION OF C.V. OF THE FUEL (NET VALUE).
C ci) AS kcals/mole
CVNEP=PH2MF*PH2HC + PCOMF*PCOHC + P1H4MF*P1H4HC + P2H6MF*P2H6HC 
+ + P3H8MF*P3H8HC + P4H10F*P4H10C + P5H12F*P5H12C + P6H14F*P6H14C 
C b) AS kcals/m3 at 298K,1 atm.
CVM3N=CVNET/0.02445 
C HEAT OF FORMATION OF FUEL (kcals/mole)
c
HFFUEL=PH2d-IF*PH20DH + PCOMF*PCODH + PC02MF*PC02DH 4P1H4MF*P1H4DH 
+ + P2H6MF*P2H6DH + P3H8MF*P3H8DH + P4H10F*P4H1OH + P5H12F*P5H12H 
+ + P6ttL4F*P6H14H 
C GAS CONSTANT (cal/k nol)
R=1.987
F3NC=200.0
GARTIO
C
C FI=(CG/F) [actual]/(CG/F) [stoichiometric]
C
ACGEH-4JIGFR*FIVAL 
C Evaluation ofthe ratios CARBON/HYDROGEN f OXYGEN/HYDROGEN and 
C NITOOGEN/HYDROGEN ; (in terms of g-atoms in the comb'n gas/fuel 
C mixture .
C
GAN=PN2MF*2.0 + ACGFR*(CGN2*2.0)
GAC=PC0MF + PC02MF + P1H4MF + P2H6MF*2.0 + P3H8MF*3.0 
+ + P4H10F*4.0 + P5KL2F*5.0 + P6H14F*6.0
GAO=PO2MF*2.0 + PH20MF + PCQMF + PCO2MF*2.0 +
4 ACGFR*(CGH20 + CGO2*2.0)
GAH=PH2MF*2.0 + PH2OMF*2.0 + P1H4MF*4.0 + P2H6MF*6.0 4 
+ P3H8MF*8.0 + P4H10F*10.0 + P5H12F*12.0 + P6H14F*14.0 +
4 ACGER*(CGH2O*2.0)
C
C CARBON/HYDROGEN ratio - 
PK=GAC/GAH 
C OXYGEN/HYDROGEN ratio - 
PL=GAO/GAH 
C NITROGEN/HYDROGEN ratio - 
PM=GAN/GAH
C Ref:Smith,M.Y. J.Inst.Fuel., 1969,v42,p248-250.
C*****CALL SPECHT
C SPECIFIC HEAT CAPACITY OF COMBUSTION GAS 
C a) in cals/mole K
CPCGM= ((02 (1,1) +02 (1,2) *CGTEMK402(1,3) *CGTEMK*CGTEMK) *CG02)
+ • +((AI^ 2(l,l)+AN2(l,2)*CGTEMK+AN2(l,3)*CGTEI^ K*CGrEMK)*CGI^ 2)
+ + ((H20 (1,1) +H20 (1,2) *CGTEMK+Fx20 (1,3) *CGTEMK*CGTEMK) *CGH20)
C
C b) in kcals/mole K
CPCGM=CPCGK/1000.0 
ETEMP=1100.0 
C Ref:Smith,M.Y. J.Inst.Fuel.,1969,v42,p248-250.
C*****CALL DISSOC 
150 1=0
IF (FTEMP.GE.1100.0. AND.ETEMP.LT.1900.0) 1=1 
IF(FTEtff.GE.l900.0.AND.FTEt4P.LT.2700.0) 1=2 
IF(FTEMP.GE.2700.0.AND.FrEt'IP.LE.3500.0) 1=3 
IF(I.NE.O) GOTO 100 
WRITE(2,50)
50 FORMATOH ,'TEMPERATURE OUT OF DATA RANGE GIVEN BY SMITH')
STOP
C EQUILIBRIUM CONSTANT EVALUATION.
C
100 AK1=EXP ((-R1 (1,4) / (R*FIEMP))+(R1 (1,1) *ALOG (FTEMP)/R)
++(R1 (1,2) *FTEMP/(2.0*R) )+(Rl (I,3)*FTEI'P*FrEMP/(6.0*R))
+4*1(1,$})
AK2=EXP( (-R2 (1,4) / (R*FIEMP) )+(R2 (1,1) *ALOG(FIEMP) /R)
++(R2 (1,2) *FTEMP/ (2.0*R) )4(R2 (I,3)*ETEMP*FTEMP/ (6.0*R))
44*2(1,5))
AK3=EXP ((-R3 (1,4)/ (R*FTEMP)) 4- (R3 (1,1) *ALOG (FTEMP) /R)
44 (R3 (1,2) *ETEMP/ (2. 0*R)) 4 (R3 (1,3) *FT!EMP*ETEMP/ (6.0*R))
44-R3 (1,5))
AK4=EXP ((-R4 (1,4) / (R*FTEMP)) 4-(R4 (1,1) *ALOG (FTEMP)/R)
4-KR4 (1,2) *FIEMP/(2.0*R) )4 (R4 (1,3) *FTH4P*FrEt>IP/(6.0*R))
44R4(I,$))
AK5=EXP ((-R5 (1,4) / (R*FTEMP)) 4 (R5 (1,1) *ALOG (FTEMP)/R) 
44(R5(I,2)*ETEMP/(2.0*R))4(R5(I,3)*ETEMP*FTEMP/(6.0*R))
4+R5(I,5))
AK6=EXP ((-R6 (1,4)/ (R*FIEMP)) 4 (R6 (1,1) *ALOG (FTEMP) /R)
44 (R6 (1,2) *ETEMP/ (2.0*R) )4(R6 (I,3)*ETEMP*FTEMP/ (6.0*R))
44R6 (1,5))
C
C Ref:as above.
C*****CALL DELTO 
1=0
IF (FTEMP.($.1100.0.AND.FTEMP.LT. 1900.0) 1=1 
IF (FTTMP.GE.1900.0. AND.FTEMP.LT.2700.0) 1=2 
IF (FTEMP.GE.2700.0.AND.FTEMP.LE.3500.0) 1=3 
C ENTHALPY OF GASES AT FLAME TEMPERATURE (based ® 298.16K)
C a) in cals/mole
DHCO=CO (I f 4)+ (CO (1,1)*FTEMP)+ (0. 5*00 (1,2) *FTEMP*FTEMP)
++/0 3333*0011 3)*l¥7TWIP**3 Q))
DHG02=002 (I , A[+ (002 (1,1) *FTEMP)+(0. 5*002 (1,2) *FTEMP*FTEMP) 
++(0.3333*002(1,3)*(FTEMP**3.0))
DH02=02 (1,4)+(02 (1,1) *FTEMP)+(0. 5*02 (1,2) *FTE[<IP*n,EMP)
++ (0.3333*02 (1,3) * (FTEMP**3.0)) 
DHH2=4I2(I,4)+(H2(I,1)*FTEMP)+(0.5*H2(I,2)*FTEMP*FTEMP) 
++(0.3333*H2(I.3)*(FTEMP**3.0))
DHH2O=H2O(I,4)+(H2O(I,1)*FTEMP)+(0.5*H2O(I,2)*FTEMP*FTEMP)
++(0.3333*H2O(I,3)*(FTEMP**3.0))
(1,4)+(OH (1,1) *FTEMP)+(0.5*(H (1,2) *FTEMP*FI®IP)
•H-(0.3333*CH (1,3) * (FTQff **3.0))
IHI4I (1,4)+(H (1,1) *FTE11P)+(0.5*H (1,2) *FIEMP*FIEMP) 
++(0.3333*H(I,3)*(FTE2,1P**3.0))
IB>=0 (1,4)+(0 (1,1) *ITEMP)+(0. 5*0 (1,2) *FTE34P*FTE1IP) 
++(0.3333*0(1,3)*(FTE!iP**3.0))
DHANO=ANO (1,4)+(ANO (1,1) *FTEMP)+(0. 5*AN0(I,2) *FTEMP*FTEMP) 
++(0.3333*M>(I,3) * (FIEMP**3.0)
DHAN2=AN2 (1,4)+(AN2 (1,1) *FTEMP)+(0.5*AN0 (1,2) *FTEMP*FTEMP)
++(0.3333*AN2 (1,3) * (FTEMP**3.0))
C
C b) in kcals/mole
DHOO=DHCO/1000.0 
DH002=DHC02/1000.0 
DHO2=DHO2/1000.0 
DHH2=DHH2/1000.0 
DHH2O=DHH2O/1000.0 
DHOH=DHOH/1000.0 
DHH=DHH/1000.0 
DHO=DHO/1000.0 
DHANO=DHANO/1000.0 
DHAN2=DHAN2/1000.0 
C "The calculation of equilibrium flame gas canpositions". 
C*****CALL COMPRO 
W=0.001 
D=0.001
104 X=AK2*(2.0*PL + 2.0*PH + 1.0)+AK2*AK3*(Pb+PM+1.0)/(S<^ T(D)) 
++AK2*AK2*AK5/D
Y=AK1*D* (2. 0*PK + 2.0*PL + 2.0*PK + 1.0) +2. 0*AK2*D* (PI+PK+1.0) 
++AK1*AK3*SQRT (D) * (PK+PL+PIM..0) +AK2*AK4*SQRT (D) * (PL+FH+2.0) 
++AK1*AK2*AK5~2 0*PRESS*AK2
Z=2. 0*AK1*D*D* (PK+PM+PL+1.0) +AK1*AK4*D*SQRT (D) * (PK+PL+PM+2.0) 
-t-2.0*PRESS*AKl*D 
E= (-Y+SQRT (Y*Y-4.0*X*Z)) / (2.0*X)
C=(E*AK2/D)**2.0
F=E*AK3/SQRT(D)
G=AK4*SQRT(D)
ANH=2. 0*Df2. 0*E+F+G 
HH=AK5*SQRT(C)
B=PK*ANH/ (1.0+ (AKL/SQRT (C)))
A=B*AIGL/SQRT(C)
AI=PL*ANH-A-2.0*B-2.0*C-E-F-HH 
AJ= PRESS-A-B-O-D-E-F-G-HH-AI 
IF (AJ.LT.0.00000) AJ=-AJ 
Y1=AK6*SQRT (AJ) *SQRT (C)
Zl= (Yl+1000.0) / (AI+1000.0)
IF(Zl.GT. 1.0000001) D=Dtf?
IF(Zl.GT.l.0000001) GOTO 104 
IF(Z1.LT.0.9999999) D=D-W 
W=¥/5.0 
D=D+W
IF(Z1.LT.0.9999999) GOTO 104 
C0PR=A+B+0+D+E+F+G4iffl+AI+AJ 
ANQXY=A+2.0*B+2.0*C+E+F+HH+AI
C
«C EVALUATION OF SENSIBLE HEAT CONTENT OF THE FLAME & THE HEAT 
C RELEASED BY THE REACTICN.
C
HN3GRA=RB3DO*2.0/ANOXY
C
IF(JMJ.NE.l) GOTO 1117 
C Sensible heat content of flame , accounting for the additional 
C heat in the air for comb'n (or other) pre-neat (if any). 
SENSHT=ACGFR*CPCGM* (CGTENK-298.16)
HS=HNOGRA* (DHCO*A + DHC02*B + DH02*C + DHH2*D + DHH20*E +
+ DH0H*F + DHH*G + DHANO*AI + DHAN2*AJ) - SENSHT
C
C Heat released in flame.
HA=HN0GRA*(PC02DH*B + PCODH*A + PH20DH*E + POHDH*F + PHDH*G
+ + PODH*HH + PNODH*AI) - HFFUEL
C
GOTO 1118
C
1117 SQfSHT=ACGFR*CPCGM* (CGTEMK-298.16)
HS=HNOGRA* (DHCO*A + DHC02*B + DH02*C + DHH20*E +
+ DHAN2*AJ) - SENSHT
C
C Heat released in the flame.
HA=HN0GRA* (PC02DH*B + PCODH*A + PH20DH*E) - HFFUEL
C
C
C
1118 HA=-HA 
TEST=ABS (HA-HS)
IF(TEST.LT.HBALAC) GOTO 1000 
IF(HS.GT.HA) GOTO 500 
ETENP=FTENP+FINC
GOTO 150 
500 FTEMP=FTEMPHFTNC 
FINC=FINC/5.0 
FTEKP=FTEMP+FINC 
GOTO 150
C
C ENERGY INPUT TO FURNACE 
C (NAT. GAS DENSITY=0.723KG/M3)
1000 CVGAS=CVM3N*4.1868/0.723 
BB=CGTEMK/273.16 
DEN=1.2928/BB
AI'DL= (0.0224*CGTEMK} /273.16 
CPAIR= (CPCGM*4.1868/AI'DL) /DEN 
HGAS=GASR*CVGAS 
AIRRTE=GASR*FIVAL*16.528 
HAIR=AIRRTE*CPAIR* (CGTEMK-298.16)
HF=HGAS+HAIR
C
RE7TURN
END
C
C
C \
C
C
C
C
SUBROUTINE PHYSIC (FGTM, COW, C02W,X02W, H20W,XN2W, VISC , CPFGf 
+TKFG,DNFG,PRPG)
C
C DATA POLYNOMIAL FITS (LAGRANGIAN)
AKN2=0.011803+ (5.33884E-5*FGm)- (2.60819E-9*FGm*FG,m) 
AKO2=0.00428+(7.96144E-5*FGm) - (1.2O501E-8*FG?TI'l*FGn»I)
AKH2O=-0.007657+ (7.84286E-5*FGTM)+(1.92857E-8*FG'IN*
+FGTM)
AKCO2=-0.013389+ (1.04668E-4*PGIM) - (2.34978E-8*FGIM*
+FGIM)
AKCO=0.0047964+ (7.374242E-5*FG?n,I) - (1.378788E-8*FGIN*
+FGTM)
C
C
CPN2=979.5506+(0.155658*FGTM)+{2.53968E-5*FGm*FGTM)
CPO2=803.1446+ (0.402505*PGIM - (1.18504E-4*FGTM*PGTIM) 
CPH2O=1748.477+(0.38861*FGm)+(1.43611E-4*FGrm*FGIM 
CPC02=589.9169+(1.01719*FGIM) - (3.66122E-4*FGm*FGm)
CP0O962.9415+ (0.222653*FG1M) - (7.46364EH>*FG,IM*FGII‘I)
C
C
UN2=6.821954+ (0.0412265*PGIM) - (7.629372E-6*FGTM*FG?n4)
U02=6.98378+ (0.05092*FG7M) - (9.35658E-6*FGTM*F(rIK)
UH20=-3.08+ (0.0407*PG?IT1)+(1.00153E-17*FGIM*FG7TM)
UC02=2.768539+ (0.044794*FG?m) - (7.85655E-6*PGm*FG,m)
UCO=5.65704+(0.044833*FOT) - (9.600205E-6*FGIM*FGm)
C
AM= (COW+C02W+X02W+H20W+XN2W)
C
TKFG= ((AKN2*XN2W)+(AK02*X02W)+(AKH20*H20W)+(AKC02*C02W)+
+ (AKCO*CCW))/AM
CPFG= ((CPN2*XN2W)+(CP02*X02W)+(CPH20*H20H)+(CPC02*C02W)+ 
+(CPCO*COW))/AM
VISFG= ((UN2*XN2W)+(U02*X02W)+(UH20*H20W)+(UC02*C02W)+(UCO*COW) 
+) /All
VISC=VISFG*1.0E-6
C
c
C DENSITY OF FLUE GASES 
X=273.0/FGTM 
DN2=1.250*X 
D02=1.429*X 
DH2O=0.800*X 
DC02=1.977*X 
DCO=1.250*X
DNFG= ((DN2*XN2W)+(D02*X02W) + (DH20*H20W)+(DC02*C02W)+(DCO*COW) 
+)/AM
C
C
C FLUE GAS PRANDTL NO
PRFG=(CPFG*VISC)/TKFG
C
C
RETORN
END
C
c
c
c
c
c
SUBROUTINE RECUP (T,AIRRTE,CGTEI-IK)
IF(AIRRTE.LT.0.060) GOTO 10 
C TA=-75.6081+0.15365*T+2.98165E-4*(T**2.0)-4.72914E-8*(T**3.0)
C TB=-87.0669+0.19255*T+2.85060E-4*(T**2.0)-4.30893E-8*(T**3.0)
TA=-50.19260+0.06250*T+3.41558E-4*(T**2. 0) -6.20903E-8*(T**3.0) 
TB=-59.04480+0.09459*T+3.32503E-4*(T**2.0)-5.83278E-8*(T**3.0) 
DA=0.075-0.060 
X= (0.075-AIRRTE) /DA 
Y= (AIRRTE-0.060) /DA 
CCTEMK=(TA*Y+TB*X)+309.0 
GOTO 100
C
10 IF(AIRRTE.LT.0.050) GOTO 20
C TA=-87.0669+0.19255*T+2.85060E-4*(T**2.0)-4.30893E-8*(T**3.0)
C TB=-99.5458+0.24074*T+2.58294E-4*(T**2.0)-3.44505E-8*(T**3.0)
TA=-59.04480+0.09459*T+3.32503E-4*(T**2.0)-5.83278E-8*(T**3.0) 
TB=-61.30195+0.09228*T+3.70094E-4*(T**2.0)-7.31824E-8*(T**3.0) 
DA=0.060-0.050 
X=(0.06-AIRRTE)/DA 
Y=(AIRRTE-0.050)/DA 
CGTEMK=(TA*Y+TB*X)+309.0 
GOTO 100
C
20 IF (AIRRTE.LT.0.040) GOTO 30
C TA=-99.5458+0.24074*T+2.58294E-4*(T**2.0)-3.44505E-8*(T**3.Q)
C TB=-110.4091+0.27223*T+2.66967E-4*(T**2.0)-3.88328E-8*(T**3.0) 
TA=-61.30195+0.09228*T+3.70094E-4* T**2.0)-7.31824E-8*(T**3.0) 
TB=-86.39706+0.19562*T+2.91274E-4*(T**2.0)-4.7O601E-8*(T**3.0) 
DA=0.050-0.040 
X= (0.050-AIRRTE) /DA 
Y= (AIRRTE-0.040) /DA 
CGTEMK= (TA*Y+TB*X) +309.0 
GOTO 100
C
30 IF(AIRRTE.LT.0.030) GOTO 40
C TA=-110.4091+0.27223*T+2.66967E-4* (T**2.0)-3.88328E-8* (T**3.0) 
C TB=-124.2448+0.31491*7+2.70841E-4* (T**2.0) -4.27747E-8* (T**3.0) 
TA=-86.39706+0.19562*T+2.91274E-4* T**2.0 -4.70601E-8* T**3.0) 
TO=-93.87738+0.22396*T+2.93861E-4* (T**2.0) -4.57201E-8* (T*’fc3.0) 
DA=0.04GH3.030 
X= (0.040-AIRRTE) /DA 
Y=(AIRRTE-0.030)/DA 
CGTEMK=(TA*Y+TO*X)+309.0 
GOTO 100 
40 WRITE(2,777)
777 FORMAT(1H FIRING RATE OUT OF RANGE !!!’///)
C
C
100 RETURN 
END
APPENDIX XIV
Evaluation of Furnace Shell Losses
Evaluation of Furnace Shell losses
The heat losses from the furnace shell are calculated from empirical 
correlations given by CouIson and Richardson (1977). For natural 
convection,
Nu = C ’(Pr.Gr)h (XIV.1)
where n is 0.25 for streamline and 0.33 for turbulent conditions. The 
onset of turbulence can be taken at a value of Gr.Pr of about 2X109.
The value of C* for use in Eq.XIV.l is given in Table XIV.l for various 
geometries.
Table XIV. 1
Nature of Surface Chracteristic
Dimension
Streamline Turbulent
Horizontal or Diameter 0.47 0.10
Vertical Cylinders
Verical Planes Height 0.56 0.12
In using Eq.XIV.l, the valuesof the physical properties are taken at 
the mean of the surface and bulk temperatures. The coefficient of 
cubical expansion /3 (Eq.XIV.2), is taken as l/T, where T is the 
absolute temperature.
the Grashof number, Gr for use in Eq.XIV.l is defined as,
Gr -
3 2 
/3 g AT £ p (XIV. 2)
The furnace surface heat losses are evaluated from,
qs - hs As (Ts - Too) ( XIV. 3 )
where hs is calculated from Eq.XIV.l. Ag is the area of the surface in
question.
